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ABSTRACT 
High throughput processing of chemical/biochemical information is critical in many areas, such as 
genome sequencing, drug discovery and clinical diagnostics. Integral to collecting information at 
high rates with the necessary throughput is the development of systems that can not only monitor the 
results with high precision and accuracy, but also prepare and process samples prior to the analytical 
measurement. To achieve the required throughput, we have conducted work directed toward 
developing a system that provides detection sensitivity at the single-molecule detection (SMD) level. 
The research was first focused on the development of a sensitive strategy for the detection of proteins 
(thrombin) at the SMD level. Nucleic acid-based fluorescence sensors were used as recognition 
elements for the detection of single protein molecules with single-pair fluorescence resonance 
energy transfer. The technique provided higher analytical sensitivity compared to bulk analog 
measurements due to the digital readout format (i.e., molecular counting) and also reduced assay 
turn-around-time. Research was then directed toward the design and construction of a two-color 
FCCS system, which employed two spectrally separate fluorophores, Cy3 (λabs = 532 nm, λem= 
560 nm) and IRD800 (λabs = 780 nm, λem= 810 nm). The system provided negligible color cross-
talk (cross-excitation and/or cross-emission) and/or fluorescence resonance energy transfer 
(FRET). To provide evidence of cross-talk free operation, the system was evaluated using 
microspheres and quantum dots. Experimental results indicated no color leakage from the 
microspheres or quantum dots into inappropriate color channels. The enzymatic activity of APE1 
was monitored by FCCS using a double-stranded DNA substrate that was dual labeled with Cy3 
and IRD800. Activity of APE1 was also monitored in the presence of an inhibitor (7-nitroindole-
2-carboxylic acid). To improve sample processing throughput, a multi-phase (water-in-oil) 
segmented flow microfluidic chip was studied using the FCCS system to monitor APE1 enzyme 
activity. Aqueous droplets were generated in a perfluorocarbon (FC-3283) carrier fluid with a 
xxi 
 
nonionic surfactant (Perfluorooctanol, 10% v/v) in a polymer microchip. The optical system 
successfully monitored the controlled generation of highly regular droplets loaded with 
fluorescent beads at delivery rates ranging from 40 - 60 droplets s-1.  
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CHAPTER 1 BROAD OVERVIEW 
 
1.1 High-throughput Screening 
Currently, high-throughput screening (HTS) is the most widely used technology delivering 
medicinal chemistry entry points for drug discovery research.1-3 Although molecules that are 
identified as effective for a specific disease from HTS are not always appropriate for final drug 
candidates, various drug candidates and marketed drugs show the success of on-going HTS research 
around the world.2 However, the need to discover drug candidates from combinatorial compound 
collections for pharmaceuticals in a short time and at a lower cost has been increasingly demanded 
by drug developers.3 Since the number of compounds in combinatorial libraries that are screened in a 
HTS system is in the millions, robotic-based ultra-HTS (uHTS) has been a major platform used in 
the past few years leading to the development of miniaturized assay systems for drug discovery. 
Table 1.1 Impact of miniaturization on reagent volume and cost for library screening (~200,000 
compounds, from Sills1). 
Plate 
Number of 
compounds 
per plate 
Number of 
plates 
Volume of 
protein 
added 
Assay 
volume
Total volume of 
protein added Cost 
96-well 88 2,273 10 µl 100 µl 2,182 ml $436,400
384-well 352 568 2 µl 2 µl 436 ml $87,200 
1,536-well 1,408 142 0.4 µl 4 µl 87 ml $17,400 
9,600-well 8,800 23 0.02 µl 0.2 µl 4.4 ml $880 
 
Consequently, miniaturized chemical analysis systems have been advanced dramatically starting 
with the screening tests from milliliter volumes in test tubes to microliter volumes in 96-well 
microtiter plates and, later, in 384-well microtiter plates (requiring 10-20 μl of sample), which both 
serve as a standard format for HTS procedures.3-4 Miniaturized HTS systems that can process 1536-
well or 9600-well5 plates at the <4 μl scale would significantly reduce the cost and time of screening 
(see Table 1.1).1, 5-9 
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As the number of potential new pharmaceutical candidates has increased enormously in the 
pharmaceutical industry, the need for efficient management of costs, reagents, and time associated 
with the screening of these candidates has become a major goal leading to the development of new 
test plates, fluidics, and detection methods.10  Table 1.2 shows commercially available miniaturized 
HTS systems that are capable of handling >1536-well plates.  
Table 1.2 Detection systems for miniaturized uHTS. 
System Features Detection methods Manufacturer 
FCS + plus Reader Confocal Reader Fluorescence Evotec OAI, Hamburg, Germany 
LEADSeeker Microplate imager Radimetric + fluorimetric 
Amersham Pharmacis 
Biotech, Uppsala, 
Sweden 
LJL Acquest Multimode Detection 
FLINT, polarization, 
TR-FRET, 
luminescence 
Molecular Devices, 
Sunnyvale, CA, USA 
SPECTRAFLUOR 
Plus Dual optical Channel 
Fluorescence, 
absorbance, 
luminescence 
TECAN, Maennedorf, 
Switzerland 
Victor2-V Multilabel Counter 
FLINT, TRET, 
Polarization, 
luminescence 
Perkin Elmer Life 
Sciences, Wallac Oy, 
Turku, Finland 
CLIPR Cell-based assays Scintillation proximity assays 
Molecular Devices, 
Sunnyvale, CA, USA 
Abbreviations: FLINT, fluorescence intensity; TR-FRET, time-resolved fluorescence resonance 
energy transfer.8; TRET, time-resolved fluorescence energy transfer11 
 
As can be seen, the core detection technology underlying miniaturized uHTS systems is the 
different modes of fluorescence output (lifetime, brightness, anisotropy or energy transfer).8, 11 It is 
now clear that fluorescence-based techniques are likely to be the most important detection 
approaches used for uHTS.12 Although radiolabel-based approaches like scintillation proximity 
assays (SPAs) have been used,12 the most sensitive and convenient readout technologies such as 
fluorescence and luminescence as a form of non-radioactive detection system are emerging in 
HTS.13-15 
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Currently, these miniaturized HTS systems (Table 1.2) provide a key means of keeping pace 
with the new potential pharmaceutical candidates enabling more targets and pharmaceutical 
candidates to be screened per unit time maintaining an acceptable data quality.16 Nevertheless, 
technological challenges to the implementation of a miniaturized HTS system still remain in the 
development pipeline of new instrumentation for the sensitive detection of potential drug candidates 
at lower concentration in a large combinatorial library. In addition, reliable fluid handling 
(~submicroliter) is critically demanded for the enhancement of throughput.  
When employing a miniaturized/automated system, other desirable characteristics for ultra-HTS 
assay technology are signal generation and sensitive detection.8  
Single-molecule detection (SMD) is one readout technology that is ideally suited for miniaturized 
uHTS, which requires very high sensitivity due to scaling effects. In addition, fluorescence readouts 
from single-molecules are effectively insensitive to the further miniaturization of the HTS system 
because of the small size of the required detection volume (~pL to ~fL), commonly called the probe 
volume. 
SMD techniques report on the properties and number of individual fluorescent molecules within 
the detection volume, in contrast to the time-, volume- and concentration-averaged signal output 
from other macroscopic fluorescence techniques.16 Therefore, combining miniaturized assay systems 
with technologies that provide sensitive signal detection (e.g., SMD), multi-channel sampling 
formats, and precise and reliable fluid handling would provide highly efficient, and cost-effective 
miniaturized drug screening systems delivering the throughput necessary for uHTS. 
1.2 Overview of SMD 
Since the first successful report of SMD with multiply-labeled fluorescent probes by 
Hirschfeld in 1976,17-18 the field of SMD and spectroscopy/microscopy, which has been 
propelled by technological hardware advances such as lasers, objectives, filters, and detectors 
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molecules through their fluorescence signals (also called as photon bursts) as they transit the 
excitation volume (probe volume) in the presence of large backgrounds. 
For the detection of single molecules, the probability of occupancy within the probe volume 
should be smaller than unity. The probability (Pv) of a fluorescent molecule occupying the probe 
volume can be calculated using the following equation;   
Pv =CNAP  (1.1) 
where C is the concentration (mol l-1), NA is Avogadro’s number, and P is the probe volume 
(L).24 For example, if one operates in a regime of Pv < 0.1, the double occupancy probability is 
<1.0% and thus, the data stream is dominated by single events. This can be achieved by diluting 
the concentration of a sample or reducing the probe volume with a high-magnification objective 
lens.  
Instantaneous occupation probabilities of a fluorophores within the optical probe volume can 
be calculated by the Poisson distribution;25  
ܲሺ݉ሻ ൌ
൏ ܰ ൐௠ expሺെܰሻ
݉!
  ሺ1.2ሻ 
where N is equal to the mean number of molecules per probe volume, and m represents the 
instantaneous number of molecule within the probe volume (e.g., P(1) represents the probability 
of one molecule existing in the probe volume. P(2) represents the probability of double 
occupancy.  
Although fluorescence-based techniques have proven to be the most sensitive method for 
SMD,12 the ability to detect photon bursts from single fluorescent molecules in solution with high 
efficiency (>90%) is a challenge.26 Since the scattered photons and fluorescent photons from 
impurities in the solvent generated by the relatively high laser powers needed to saturate the 
electronic transitions of the single dye molecule produce background photons that can be 
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significantly greater in number than the fluorescence photons from a molecule. Saturation of 
electronic transitions (ground state, S0 to excited state, S1) occurs primarily as a result of the 
decrease in the fractional population N0/N of the ground state 0 with increasing laser intensity 
In addition, because the effective detection volume is of the order of 1 pL, the number of 
solvent or impurity molecules within the detection volume can be many orders of magnitude 
greater than the species giving rise to the analytical signal. In order to obtain sufficient sensitivity 
to detect single-molecules with high signal-to-background ratio, approaches must be adopted to 
significantly reduce the scattering and fluorescence background associated with the solvent. 
The photophysics of a typical fluorescent molecule having simplified three-level energy 
transition can be represented by the Jablonski diagram as illustrated in Figure 1.2.27 The 
processes can be listed as the following; 
1. Excitation from the ground state S0 to the first excited state S1 by the excitation light at an 
absorption rate of ka (S0 to S1).  
2. Transition from S1 to the triplet state T1 with rate kisc (S1 to T1). 
3. Transition from T1 to S0 with decay rate kT (T1 to S0). 
4. Radiationless decay from S1 to S0 with rate kn (S1 to S0). 
5. Irreversible chemical reactions from S1 (photodestruction) with rate kpd. 
6. Radiation decay from S1 from S1 to S0 with rate kf. 
Generally, a fluorescent molecule in the ground state (S0) is excited to the singlet state (S1) by 
absorbing of a photon at a rate that is a linear function of the excitation power. The excited 
molecules in S1 relax back to the ground state by emitting photons with a rate kf or nonradiatively 
with a rate kn. The excited molecules can undergo intersystem crossing (ISC, spin conversion, T1 
state) at a rate of kisc generating phosphorescence with a triplet decay rate kT at longer 
wavelengths compared to fluorescence. 
 Figure 1.2  Simplified three-leve
excitation processes.  
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efficiently and produce optical saturation (ground state depletion) at low intensity of incident 
light providing better detection efficiency due to the reduced background from lower excitation 
light. However, it is noteworthy that this absorption of excitation source by a fluorescent 
molecule deviates at high excitation intensities.28 
Typically, the mean number of photons (nf) emitted by a fluorescent molecule per transit 
through a probe volume can be calculated by;29 
݊௙ ൌ  
݇௙
݇ௗ
൦1 െ exp ൞
െ݇௔݇ௗ߬௧
݇௔ ൅  ݇௔ ൅
݇௔݇௜௦௖
்݇
ൢ൪  ሺ1.6ሻ 
This equation can be simplified as,30  
݊௙ ൌ  
ߔ௙
ߔௗ
ሾ1 െ expି௞ఛሿ ሺ1.7ሻ 
where k = ka/kf, ka is the first order absorption rate for excitation and kf is the first order rate 
constant for radiative emission. τ = τt/τb, where τt is average molecular residence time within the 
probe volume  and τb is photobleaching lifetime of the molecule, which indicates the average 
time before being irreversibly photobleached. The photobleaching lifetime, τb, can be calculated 
by;  
߬௕ ൌ  
1
݇௔ߔௗ
  ሺ1.8ሻ 
where Φd represents the photodestruction efficiency.  
The average photon yield per molecule, when the residence time within the excitation beam 
is infinite (i.e., all molecules are photobleached), can be calculated from the ratio of the 
fluorescence quantum yield, Φf ,to the photodestruction efficiency, Φd;31 
்݊ ൌ
ߔ௙
ߔௗ
  ሺ1.9ሻ 
where ்݊ is the average number of photons that can be realized per fluorescent molecule. 
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Therefore, the optimal signal-to-noise ratio (SNR) in SMD experiments  can be obtained 
when the transit time (residence time of a fluorescent molecule within a probe volume) 
approaches the average bleaching lifetime of the molecule.26, 29 For example, if the residence 
time of a fluorescent molecule is longer than ߬௕, fluorescent emission from the dye molecule will 
cease after ~ ߬௕, but background photons are still being integrated into the signals resulting in 
reduced SNR. For example, Mathies et al. showed that the signal-to-noise ratio was reduced 
when the residence time of a fluorescent molecule approaches the photodestruction time.31 The 
direct observation of photon bursts resulting from individual fluorescent molecules requires a 
high SNR because each event from the photon bursts will be processed individually. Hence, in 
order to detect fluorescent molecules at optimized conditions in the presence of background 
scattering, ground-state depletion and photodestruction of a fluorescent molecule should be taken 
into account. 
In practice, the mean number of emitted photons by a fluorescent dye molecule having a 
large absorption cross section and a high quantum yield before photobleaching is of the order of 
105 and 106 , even though other processes such as solvent effects, quenching, and photochemical 
destruction can influence the mean number of emitted photons.26, 32 Photobleaching can be 
directly calculated from its quantum yield, ߔ௣௕ (so-called photodestruction quantum yield), by 
ߔ௣௕ ൌ
݇௣௕
݇௔ ൅  ݇௜௦௖ ൅ ݇௣௕
  ሺ1.10ሻ 
where ݇௣௕is the photobleaching rate, for most fluorescent molecules, in the range of 10
-5 – 10-7.28, 
33 The photodestruction quantum yield can be changed by the solvents used, which affect the 
photostability of a fluorescent molecule. For example, the value of ߔ௣௕for Rhodamine 6G in 
ethanol is 5.7 × 10-7, but the value of ߔ௣௕ in H2O is nearly 2 orders of magnitude larger. In 
addition, a high fluorescent quantum yield, ߔ௙,was obtained by using ethanol (ߔ௙=0.95, twice 
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that of Rhodamine 6G in H2O) as a solvent representing nearly 2 × 106 photons per molecule 
may be obtained by using ethanol but only 25 000 photons per molecule when using H2O.  
For optimized fluorescence detection of single molecules, background interferences 
originating from several sources should be considered. A source of background can be attributed 
to fluorescence from impurities, scattered excitation light (elastic scattering, Rayleigh scattering, 
inelastic scattering, Raman scattering). Although Rayleigh scattering can be suppressed 
effectively by using proper high-performance optical filters, Raman scattering occurs at longer 
wavelengths compared to the wavelength of excitation light, which can be the same wavelength 
region used for the detection of Stoke’s shifted fluorescence. Therefore, in order to obtain 
sufficient sensitivity to detect the photon burst from single fluorescent molecules, approaches 
must be adopted to significantly reduce the scattering and fluorescence background associated 
with the solvent. 
At a given excitation intensity within a specific probe volume (~pL to ~fL), the number of 
Raman scattered photons is proportional to the number of solvent molecules, ௩ܰ. For instance, if 
there is only one fluorescent molecule within a femtoliter-sized probe volume, about 1010 solvent 
molecules exist in the probe volume causing Raman scattering. 
௙ܴ, the fraction of emitted fluorescence photons to Raman photons can be calculated as;
28  
௙ܴ ൌ
ߔ௙ߪௗ௬௘
௩ܰߪ௦௢௟
  ሺ1.11ሻ 
Where ߔ௙ is the quantum yield of fluorescent molecules, ߪௗ௬௘ is the molecular absorption cross 
section of fluorescent molecules, ௩ܰ is the number of solvent molecules within the probe volume, 
and ߪ௦௢௟ is the absorption cross section of solvent molecules.  
To solve these issues in SMD, diverse approaches have been made to reduce background 
interferences. These include the use of high-performance optical filters (i.e., having >90% 
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transmission with narrow FWHM), ultra-pure solvents, small probe volumes through the use of 
high-magnification objective lenses, time-resolved fluorescence systems,34-36 two-photon excited 
fluorescence,37 and near-IR dyes.30 For example, Shera and co-workers exploited the temporal 
differences between the instantaneous nature of the Raman scattering (prompt) and the relatively 
long molecular fluorescence signal (delayed) to reduce the Raman background. By using this 
time-gated detection scheme, the signal-to-background ratio was improved by more than two 
orders of magnitude by adopting time-gated collection of fluorescent signals. Soper and co-
workers found that the detection efficiency for near-infrared fluorescent molecules (IR-132) was 
about 97% showing a significant improvement when compared with the visible dye R6G when 
employing time-gated detection. 
The improved detection efficiency was mainly based on the small background observed 
during signal collection, which was attributed to the fact that few species fluoresce in this region 
of the electromagnetic spectrum and the lower Raman cross sections.38-39 In addition, near-IR 
fluorescence typically displays fewer interferences from the background matrix resulting from 
impurity fluorescence and/or a smaller Rayleigh scattering contribution as a result of the 1/λ4 
dependence on the scattering cross section.38 Simply, the increase in SNR at longer wavelengths 
is mainly due to the lower autofluorescence in the near-IR.40 For example, for the studies for 
resolving fast kinetics of biomolecules, background contribution, which was measured using a 
blank sample, should be <5% of the total fluorescence signals.41  
The signal intensity from single molecules and the amount of background interferences are 
critical aspects in SMD. In practice, the signal-to-background ratio depends on the excitation 
light intensity and also on the level of background. By simplification and approximation of an 
excitation and emission system including three energy levels (S0, the singlet ground state, S1, the 
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first excited singlet state, and T1, and the lowest triplet state), the fluorescence rate can be given 
as;28   
݇௙ ൌ
ߔ௙ߪௗ௬௘ܫ௘
1 ൅ ߬ߪௗ௬௘ܫ௘ ሺ1 ൅
݇௜௦௖
்݇
ሻ
  ሺ1.12ሻ 
where ݇௜௦௖  is the rate of intersystem crossing, ்݇  is decay rate of the triplet state, ߪௗ௬௘  is the 
molecular absorption cross section of the fluorescent dye, and ߬ is the fluorescence lifetime. The 
maximum fluorescence rate, ݇௙ , is determined by ߔ௙߬ିଵሺ1 ൅
௞೔ೞ೎
௞೅
ሻିଵ  because of the finite 
fluorescence decay time and the limited rates on triplet state.  
Under common conditions, there is a linear relationship between the excitation light 
intensity, ܫ௘, and the background rate, kbg. Theoretically, the relationship can be written as; 
݇௕௚ ൌ  ௩ܰߪ௦௢௟ܫ௘ ൅  ݇ாே  ሺ1.13ሻ  
where ݇ாே is the  detection circuit electronic noise.
28   
Therefore, a signal-to-background ratio, Sb, can be written as 
ܵ௕ ൌ
݇௙
݇௕௚
ൌ   
ߔ௙ߪௗ௬௘ܫ௘
1 ൅ ߬ߪௗ௬௘ܫ௘ ሺ1 ൅
݇௜௦௖
்݇
ሻ
·
1
௩ܰߪ௦௢௟ܫ௘ ൅ ݇ாே
  ሺ1.14ሻ 
This equation can be used to calculate the optimized excitation photon flux, Iopt, as; 
ܫ௢௣௧ ൌ ඩ
݇௡௘௣
ܭ஽ா߬ሺ1 ൅
݇௜௦௖
்݇
ሻߪௗ௬௘ ௩ܰߪ௦௢௟
  ሺ1.15ሻ 
where ܭ஽ா represents the detection efficiency and ݇௡௘௣ is the measured electronic noise count 
rate which can be obtained from the relation of  ݇௡௘௣ ൌ ܭ஽ா · ݇ாே. 
1.4 Detection Efficiency and Sampling Efficiency 
Other critical factors in SMD experiments are detection efficiency, sampling efficiency, and 
delivery rate of sample molecules into the probe volume. As discussed earlier, the detection 
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efficiency is determined by various experimental parameters and photophysical properties of 
fluorescent molecules such as the quantum yield, photobleaching quantum yield, absorption rate 
(absorption cross section and molar absorption coefficient), fluorescence lifetime, 
photobleaching lifetime, molecular transit time, spectral properties of the fluorophores, 
excitation light intensity, the size of the probe volume, transit time, the solvent, and photon 
collection efficiency of the instrument (objective lens, detector quantum efficiency on the 
monitored wavelength, filters (transmission efficiency). For example, an optical system with a 
high numerical aperture (NA ≥ 0.75) can collect and detect about approximately 1% of emitted 
photons from a fluorescent molecule before photobleaching, resulting in a burst of as many as 
1000 photoelectrons in a few milliseconds.42 Therefore, for high SMD efficiency, these 
parameters should be taken into account. 
For flow-based SMD experiments in which the single molecules are hydrodynamically 
transported through the probe (sampling) volume, the sampling throughput (ST) can be 
calculated from43-44 
ST = (SE) (DE) (DR) (DC)  (1.16) 
where SE (sampling efficiency) represents the percentage of molecules that are sampled during 
the experimental run, DE is the detection efficiency, DC is the duty cycle, and DR is the delivery 
rate of molecules into the probe volume. DR can be calculated from; 
DR = FvCb (1.17) 
where Fv represents the volume flow rate (cm3s-1) and Cb is the concentration. DE is the fraction 
of molecules detected above a threshold value, which is selected to minimize the number of false 
positives generated during the experiment. Generally, thresholds are chosen to keep the errors 
resulting from false positives generated by impurities in the solvent blank at a minimum.26, 36, 45 
For example, high discriminator thresholds reduce the detection efficiency for single molecule 
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events, resulting in errors due to false negatives, but decrease the errors from false positives. On 
the other hand, low thresholds increase the detection efficiency (i.e., lower the number of errors 
from false negatives) but increase the number of errors from false positives.26 
 Generally, the excitation laser beam is focused to a diffraction-limited area generating 
probe volume in the subnanoliter to subpicoliter regime. The fraction of molecules that are 
sampled during the experimental run is determined by this probe volume. Hence, the small probe 
volume limits the throughput and affects the sampling efficiency. In practice, the effective probe 
volume, V, can be calculated using, V=π3/2ω02z0, where zo is the confocal length (half-depth of 
focus of the relay objective) and ω0 is the 1/e2 beam radius.46-48 
1.5 Calculation of Single-molecule Events 
The number of expected single-molecule fluorescence events can be calculated using the 
following equation;  
Nev = (2PvvT)/(πω0)   (1.18) 
where v is the linear velocity, Pv is the probability of a fluorescent molecule occupying the probe 
volume, T is the collection time, and ω0 is the 1/e2 beam waist.24 
1.6 Composition of Human Genome 
Cells are the fundamental working units of all living organisms as shown in Figure 1.3. 
Deoxyribonucleic acid (DNA) in cells contains all the genetic instructions needed in the 
development and functioning of all living organisms. DNA is made up of mononucleotides, with 
backbones made of sugars and phosphate groups joined by ester bonds (phosphodiester linkage) 
(see Figure 1.4). The DNA sequence (primary structure) is the particular side-by-side 
arrangement of bases along the DNA strand (e.g., AAGTCTAAT).  
Each DNA molecule contains many genes that carry genetic information, the basic physical 
and functional units of heredity, while other sequences excluding the gene segments have 
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structural purposes that are partially involved in regulating the use of genetic information. A 
gene is a specific sequence of nucleotide bases, whose sequences carry the instructions required 
for constructing proteins, which are the most abundant biological macromolecules in all cells.49-
50  
 
Figure 1.3 Schematic representation of the entire composition of the human Genome.51 
 
Figure 1.4 Schematic representation of of major purine and pyrimidine bases (a), 
Deoxyribonucleotides (b), and Phosphodiester linkages in the covalent backbone of DNA (c). 
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3 bases code for 1 amino acid, the protein coded by an average-size gene (3000 bp) will contain 
1000 amino acids.  
First 
letter of 
codon 
(bottom) 
Second 
letter of 
condon 
(right) 
U C A G 
U 
    UUU Phe 
    UUC Phe 
    UUA Leu 
    UUG Leu 
    UCU Ser 
    UCC Ser 
    UCA Ser 
    UCG Ser 
    UAU Tyr 
    UAC Tyr 
    UAA Stop 
    UAG Stop 
    UGU Cys 
    UGC Cys 
    UGA Stop 
    UGG Trp 
C 
    CUU Leu 
    CUC Leu 
    CUA Leu 
    CUG Leu 
    CCU Pro 
    CCC Pro 
    CCA Pro 
    CCG Pro 
    CAU His 
    CAC His 
    CAA Gln 
    CAG Gln 
    CGU Arg 
    CGC Arg 
    CGA Arg 
    CGG Arg 
A 
    AUU Ile 
    AUC Ile 
    AUA Ile 
    AUG Met 
    ACU Thr 
    ACC Thr 
    ACA Thr 
    ACG Thr 
    AAU Asn 
    AAC Asn 
    AAA Lys 
    AAG Lys 
    AGU Ser 
    AGC Ser 
    AGA Arg 
    AGG Arg 
G 
    GUU Val 
    GUC Val 
    GUA Val 
    GUG Val 
    GCU Ala 
    GCC Ala 
    GCA Ala 
    GCG Ala 
    GAU Asp 
    GAC Asp 
    GAA Glu 
    GAG Glu 
    GGU Gly 
    GGC Gly 
    GGA Gly 
    GGG Gly 
Figure 1.6 Representation of amino acid code words as they occur in part of mRNAs. The 
codons are written in the 5’→3’ direction. 
 
The DNA code is thus a series of codons that specify which amino acids are required to make 
up specific proteins. Some variations in a person's genetic code will have no effect on the protein 
that is produced, others can lead to disease or an increased susceptibility to a disease (see Figure 
1.7 and 1.8).51  
1.7 Genomic Variations and Diseases 
Mutations are permanent changes in the genetically inheritable information within a gene or 
group of genes in the DNA primary structure. In the past decade a variety of techniques have been 
developed to identify genes responsible for a given phenotype and characterize how a given mutation 
within the gene affects the function of proteins. For example, the persistence of mutated or changed 
DNA sites which can be repaired by the base excision repair (BER) pathway by AP endonuclease 
(APE1) results in a block to DNA replication, cytotoxic mutations, genetic instability.53-57 
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Figure 1.8 Schematic representa
Genome on protein synthesis. 
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expression.62-65 Information on protein function in living cells can be useful in drug 
therapy/development, sequence variation/mutation identification, in molecular diagnosis and gene 
expression applied to gene therapy. Hence, various molecular diagnostic strategies have been 
developed to identify and analyze certain molecular markers that are responsible for disease states in 
the human.  
1.8 DNA Repair System 
Modification and loss of DNA bases can change genetic sequences resulting in mutations, a 
vital source of genetic variation but also a significant cause of human disease as discussed in 
Chapter 1. It has been calculated that DNA bases will be lost spontaneously by hydrolysis at a rate 
that approaches about 10,000 per cell per day resulting in AP sites, called abasic sites (see Figure 
4.2b).  
 
Figure 1.9 Schematic representation of  the recognition and hydrolyzation of an abasic site by 
DNA N-glycosylase followed by AP endonulcease for the nicking reaction of 5’ to the abasic site. 
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The main reasons for damaged or mismatched bases can be traced from exogenous (UV C 
radiation, X-ray, cigarette smoking, and chemotherapy) and endogenous sources (hydrolysis and 
oxidation resulting from reactive oxygen species generated as by-products of normal aerobic 
metabolism) in origin.54, 66-67 Therefore, repair systems are required to identify and remove the 
potentially cytotoxic and mutagenic AP sites that can block DNA replication and transcription.66 
The AP sites can be repaired by either directly (simple dealkylation) or sequentially with 
multiple proteins called base excision repair (BER) pathways.67 The latter system is the primary 
repair protocol for AP sites.54 Basically, base excision repair (BER) is a multistep process 
including sequential activity of enzyme and proteins with damaged bases. 
 
Figure 1.10 Schematic representation of the nicking reaction of AP endonuclease and dRPase. 
Ap endonulcease (APE1) cleaves the 5’ to the abasic site and then dRPase excised the abasic site. 
Reprinted with permission (Boiteux et al.54). 
 
Generally, BER pathway is initiated by a DNA N-glycosylase which identifies and removes a 
damaged or mismatched base by hydrolyzing the N-glycosidic bond (see Figure 4.2a), which 
attaches the base moiety to the sugar residue (see also Figure 1.9).68-69 Due to the consequences 
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of the activity of a DNA N-glycosylase, potentially cytotoxic and mutagenic AP sites which are 
processed by AP endonuclease (APE1) are generated (See Figure 1.9, Figure 1.10, Figure 1.11 
and Figure 4.3). AP endonuclease, APE1, is the major mammalian abasic endonuclease, 
responsible for > 95% of total cellular AP site incision activity by nicking the phophodiester 
backbone 5’ to the damage site, which is a critical step in the BER pathway.70-72 This incision is 
sequentially processed by DNA polymerase (β-polymerase) and DNA ligase III/XRCC1 for the 
completion of base excision repair (see Figure 1.10, Figure 1.11, and Figure 4.4).54, 73-74 More 
detailed pathways can be found in Figure 1.11.   
 
Figure 1.11 The complete procedures of base excision repair (BER) of AP sites. Reprinted with 
permission (Boiteux et al.54). 
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1.9 Research Focus 
The research conducted and presented in this dissertation involves three subtopics for the 
development of high-throughput systems that provide detection limits at the SMD level. Due to the 
high demand for convenient and sensitive assays appropriate for detecting extremely low-levels of 
proteins (thrombin), new methodologies for the quantification of selected proteins was developed. 
Nucleic acid-based fluorescence sensors (aptamers) were used as a diagnostic tool for the detection 
of single protein molecules, which used single-pair fluorescence resonance energy transfer 
(spFRET) as the readout modality and which provided better analytical sensitivity and reduced 
assay turn-around-time by eliminating various sample pre-processing steps.  
As a demonstration of SMD attributes for HTS, an instrument for spectral cross-talk free 
dual-color fluorescence cross-correlation spectroscopy (FCCS) which provides a readout 
modality for the study of enzyme activity in application areas such as high throughput screening 
was designed and developed. To demonstrate the utility of the system, the enzymatic activity of 
APE1, which is responsible for the breaking of the phosphodiester backbone in DNA on the 5′ 
side of an apurinic/apyrimidinic site, was monitored by FCCS using a double-stranded DNA 
substrate dual labeled with Cy3 and IRD800.  
Activity of APE1 was also monitored in the presence of an inhibitor (7-nitroindole-2-
carboxylic acid) of the enzyme using this cross-talk free FCCS platform. To improve sample 
processing throughput, a polymer-based microfluidic system for the real-time monitoring of 
enzyme activity by combining liquid-liquid two-phase flow with fluorescence cross-correlation 
spectroscopy (FCCS) was designed and built. Aqueous sample droplets were generated in a 
perfluorocarbon (FC 3283) carrier fluid with a nonionic fluorous-soluble surfactant 
(perfluorooctanol, 10% v/v) in a polymer microchip operating in the capillary two-phase flow 
regime. The optical system was demonstrated to monitor controlled generation of highly regular 
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droplets loaded with fluorescent beads at delivery rates ranging from 40 - 60 droplets s-1. Stable 
two-phase flow was promoted by rendering the walls of the microfluidic channel hydrophobic. 
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CHAPTER 2 SINGLE-PAIR FLUORESCENCE RESONANCE ENERGY TRANSFER 
(SPFRET) FOR THE HIGH-SENSITIVITY ANALYSIS OF LOW-ABUNDANCE 
PROTEINS USING APTAMERS AS MOLECULAR RECONGNITION ELEMENTS1 
   
2.1 Introduction 
With the advent of discoveries emanating from several different proteome projects, new 
serum-based protein biomarkers are evolving that possess high diagnostic value for a variety of 
diseases. For example, the early detection and monitoring of prostate-specific proteins, such as 
prostate-specific antigen (PSA), provides a valuable tool for the management of prostate cancer-
related diseases. In practice, men with elevated PSA levels above 10 ng/mL in serum have 
greater than 50% chance of diagnosing prostate cancer, while men with 4-10 ng/mL PSA levels 
are considered as a candidate for prostate biopsy.1-2  
The common strategy used for the analysis of low-abundance proteins, which cannot be 
directly amplified like nucleic acids, is an immunoassay configured in either a competitive or 
sandwich-based format with specific monoclonal or polyclonal antibodies labeled with an 
enzymatic,3 fluorometric,4 or radioactive reporter.5 While these assay strategies have been very 
successful, they do have some limitations such as their limited dynamic range, poor analytical 
sensitivity and the difficulty in detecting extremely low-concentration targets, typically in the 
range of 100 pM or greater.  
Due to the high demand for convenient and sensitive assays appropriate for detecting 
extremely low-levels of specific proteins in biological samples, new methodologies for the 
quantification of selected proteins have been developed in the past few years to replace or 
compliment immunoaffinity-based assays. Examples include molecular beacon assays,6-7 
proximity ligation-based assays,8-9 and exonuclease protection assays.10-11 
                                                 
1 "Reproduced in part with permission from Lee, W.B.; Obubuafo, A.; Lee, Y.I.; Davis, L.M.; Soper, S.A. J 
Fluoresc., 2010, 20(1), 203 - 213., DOI: 10.1007/s10895-009-0540-5, Copyright 2010 Springer." 
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Proximity ligation assays are particularly attractive because they have the ability to detect 
single protein molecules indirectly following successful DNA ligation events brought about by 
recognition elements binding to their respective epitopes on the target protein. The superior 
limits of detection are achieved by amplifying, via PCR, DNA ligation products with the PCR 
amplicons serving as a protein surrogate reporter.8-9   
Another sensitive protein detection assay is the exonuclease protection assay developed by 
Wang and co-workers.11 In this assay, the protein, such as thrombin, is incubated with two 
sequence-specific aptamers with exonuclease I added to degrade only the unbound aptamers. The 
bound aptamers, protected from exonuclease I by thrombin, indirectly reflect the presence of 
target protein and can be quantified by real-time PCR with a limit-of-detection (LOD) of ~100 
molecules.  
Recently, Heyduk et al. developed a molecular beacon approach for the detection of two 
prokaryotic transcription factors (trpR and lacR) and a human protein (p53), which used a 
protein concentration-dependent quenching of fluorescence signals as the transduction modality.6 
In this approach, the protein target was incubated with two DNA fragments each containing half 
of a DNA sequence motif recognizing a binding site on the protein. Annealing of the DNA 
fragments in the presence of the protein brought donor and quencher molecules into close 
proximity resulting in fluorescence quenching. 
While the aforementioned assays for detecting small quantities of protein biomarkers are 
elegant, some limitations must be addressed, such as the long processing time associated with 
many and their limited analytical sensitivity.  For example, many assays, even those directed 
toward protein analyses, utilize a PCR amplification step to assist in readout, which can 
significantly increase processing time due to the limitations associated with conventional block 
thermal cyclers and the limited degree of quantification due to the characteristics of PCR 
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processes.8-9, 11 Therefore, assay strategies that can obviate the need for an amplification step can 
potentially reduce assay turn-around time and increase the dynamic range and sensitivity of the 
measurement.   
Single-molecule detection (SMD) can be employed to assist in reducing assay turn-around 
time as well as increasing assay sensitivity. This method negates the need for amplification steps 
due to its implicit single-molecule detection capabilities and also versatile configuration schemes 
such as a continuous flow parallel format system using a microfabricated polymer-based multi-
channel fluidic network.12 For example, Wabuyele and co-workers successfully applied SMD to 
rapidly discriminate normal DNA from mutated DNA harboring point mutations in genomic 
DNA in less than 5 min using single-pair FRET (spFRET).13  In that report, a ligation step was 
used to ligate perfectly matched duplexed DNA forming a molecular beacon upon successful 
ligation, which induced a FRET response due to the close proximity of a donor-acceptor pair in 
the closed form of the beacon.  
Thrombin is a multifunctional serine protease that plays a key role in pro-coagulation and 
anti-coagulation in the blood clotting cascade.  As a pro-coagulant, thrombin activates factors V, 
VII and XI through a feedback mechanism and converts fibrinogen into insoluble fibrin (see 
Figure 2.1).14-15  It is also known to induce a range of cellular responses including chemotaxis of 
monocytes and mitogenesis of lymphocytes.16-17   
Because of its importance in the maintenance of hemostatic balance, thrombin’s level of 
generation in the blood can be greatly affected by the onset and progression of certain diseases. 
The clinically relevant concentration level of thrombin is in the pM to nM range, with only small 
changes in the concentration associated with its action.18 As such, analytical methods targeted for 
its determinations in plasma that offer high sensitivity and favorable limits of detection are 
critical in many clinical settings. 
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Aptamer-based biomolecular recognition provides a number of unique advantages over more 
widely used antibody-based probes. For example, aptamers can be selected against certain targets 
in vitro using a process called SELEX (Systematic Evolution of Ligands by EXponential 
enrichment) for the simple selection and production of large quantities of the necessary aptamer 
recognition elements.25-27 Aptamers also provide better chemical stabilities than their antibody 
counterparts.28-29  
 
Figure 2.2 The interaction of an aptamer (DNA ligand 60-18, right) with human thrombin (left). 
Reprinted with permission (Tasset et al.30). 
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Recently, Heyduk et al. developed a thrombin detection assay based upon the use of 
aptamers binding to their respective exosites of this target. The aptamers contained a 
poly(ethylene glycol) (PEG) linker and complementary DNA sequences (7-mer) that hybridized 
when the aptamers associated to their respective exosites. Following intramolecular 
hybridization, a donor-acceptor pair underwent an efficient FRET response that could transduce 
the presence of thrombin. The authors were able to demonstrate the analytical utility of this assay 
using ensemble measurements.   
The objective of this chapter is to design and construct a spFRET assay capable of detecting 
single protein molecules using thrombin as the model example to provide near real-time readout 
by forgoing the need of any amplification step prior to readout. The assay strategy employed a 
pair of aptamers associating to different exosites of thrombin, bringing two DNA complementary 
sequences into close proximity allowing for their intramolecular hybridization.31   
Following the hybridization event, a FRET response is elicited that could be recorded from a 
single protein molecule used for quantifying the amount of thrombin present in the sample with 
high sensitivity and limit of detection (LOD), appropriate for clinical determinations of thrombin 
due to its low clinical concentration and also, monitor small changes in its concentration 
associated with its activation.18  
2.2 Materials and Methods 
2.2.1 Materials 
Human α-thrombin and prothrombin were purchased from Haematologic Technologies, Inc. 
(Essex Junction, VT) and stored at −4oC in 50% glycerol before use. The aptamer assemblies 
(see Figure 2.3) consisted of the appropriate aptamers targeting the two exosites of thrombin, 
five 18-atom hexa-ethylene glycol (PEG) spacers and fluorescent dyes serving as either the 
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donor (Cy3) or acceptor (Cy5). 5’-HD1-7mer-Cy3-3’ (5’GGTTGGTGTGGTTGG-(Spacer18)5-
CGCATCT-C6-Cy3-3’), specific for the heparin-binding exosite of thrombin, and 3’-HD22-
7mer-Cy5-5’(5’-Cy5-C6-AGATGCG-(Spacer18)5-AGTCCGTGGTA 
GGGCAGGTTGGGGTGACT-3’), specific for the fibrinogen-binding exosite of thrombin, were 
custom synthesized by Midland Certified Reagent Company (Midland, Texas) and used as 
received (see Figure 2.3c for structures). The complementary oligonucleotides (7 bases, see 
underlined sequences in Figure 2.3c) were connected to either the 5’ or 3’ end of HD1 or HD22 
via five 18-atom hexa-ethylene glycol (PEG) spacers.31 The complementary oligonucleotides 
were diluted to the desired concentration and hybridized in Tris saline buffer (TBS) containing 1 
mM MgCl2 and 5 mM KCl at pH 8.5. A series of solutions containing the hybridized duplexes 
were prepared by adding thrombin and in some cases, a prothrombin as well. The reaction 
mixtures were incubated at room temperature (~20°C) for 20 mins and a spFRET analysis was 
initiated by pumping the reaction mixtures through a capillary and subsequently through the 
excitation laser beam. 
2.2.2 Ensemble FRET Measurements  
All bulk fluorescence measurements were carried out using a Fluorolog 3 spectrofluorimeter 
(HORIBA Jobin Yvon, Inc., Edison, NJ) and absorbance measurements were performed using an 
Ultrospec 4000 UV/Visible spectrophotometer (Pharmacia Biotech, Cambridge, England) to 
determine the appropriate excitation/emission wavelengths for the Cy3 and Cy5 labeled 
oligonucleotides to optimize single-molecule detection of the Cy5 acceptor with minimal 
interference from the donor. Cy3 and Cy5 end-labeled complementary oligonucleotide sequences 
were synthesized with or without a PEG internal spacer to evaluate the effects of linker structure 
on FRET efficiency. The aptamer assemblies were diluted in nuclease-free water from which 1 
µM stock solutions in Tris saline buffer (TBS) containing 1 mM MgCl2 and 5 mM KCl at pH 8.5 
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were prepared. Each oligonucleotide sequence was then combined with its complementary strand 
in four different combinations depending on the presence or absence of the PEG spacer to a final 
concentration of 250 nM. The oligonucleotide mixtures were incubated at 37°C for 1 h and 
cooled to 4°C in a RTC-100 thermocycler (MJ Research, Waltham, MA). Fluorescence 
determinations on the hybridized strands were carried out using a 532 nm excitation wavelength. 
Fluorescence measurements were also carried out using a PTI QuantaMaster 4/2006SE 
spectrofluorimeter (Photon Technology International, Lawrenceville, NJ), which provided 
thermostatic control of the sample cuvette that was used for determining duplex melting 
temperatures (Tm). The temperature was controlled by circulating a mixture of ethylene glycol 
and water at the desired temperature as the heat transfer fluid through the cell holder.   
2.2.3 spFRET Measurements  
A 532 nm green solid-state laser (10 mW, GTEC-500-532-10, Lasiris, Inc., Quebec, Canada) 
was focused through a 40X, 0.75 NA objective (MRH00400, Plan fluor, Nikon) or a 100X, 1.25 
NA objective (SPlan100, 1.25, Olympus) into the sample container, which consisted of a 50 µm 
internal diameter fused silica capillary (TSP050192, Polymicro Technologies, Phoenix, AZ), 
which was positioned on an XYZ micro-translational stage for positioning the capillary with 
respect to the laser beam and collection optics. The length of the detection window formed in the 
capillary by removing the polyimide coating was ~1 cm. The samples were delivered through the 
capillary using a Harvard apparatus model 22 syringe pump (South Natick, MA). A dichroic 
mirror (Z532/780RPC, Chroma Technologies, Rockingham, VT) was used to direct the laser 
excitation beam into the microscope objective, which subsequently collected the resulting 
fluorescence with the dichroic mirror transmitting >90% of the fluorescence resulting from Cy5 
(560 nm to 700 nm). The fluorescence from Cy5 was further spectrally isolated from the 
Rayleigh and specularly scattered radiation using longpass (FEL0600, Thorlabs, Newton, NJ, see 
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counter value was stored. This differs from many single-molecule fluorescence acquisition 
systems that typically record the number of photon events in a user-defined integration period, 
typically in the range of 100 µs to 10 ms. Recording the arrival time of each photon with a time 
resolution of 12.5 ns allows one to produce intensity trajectories on any time scale longer than 
12.5 ns. 
2.3 Results and Discussion 
2.3.1 Design of Aptamer Assemblies for Recognizing Thrombin 
Various combinations of fluorescent donor and acceptor pairs could be incorporated into the 
dual aptamer assembly set used for selecting the target protein and directly transducing its 
presence with the choice predicated on the efficiency of energy transfer, the color of the acceptor 
emission and a high molar extinction coefficient of the donor at the selected excitation 
wavelength. Heyduk et al. compared the performances of different combinations of donor-
acceptor pairs for ensemble FRET using a dual aptamer configuration, such as fluorescein/dabcyl, 
fluorescein/Texas Red, Cy3/Cy5, fluorescein/Cy5, and europium chelate/Cy5.31  
 
Figure 2.5 Absorption and emission spectra of Cy3-labeled oligonucleotide sample only and 
Cy5-labeled oligonucleotide sample. 
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In their report, the maximum FRET signal was obtained from the europium chelate (λabs = 340 
nm, λem = 615 nm) and Cy5 (λabs = 650 nm, λem = 670 nm) pair.32 Note however, that europium 
Eu3+ has a long fluorescence lifetime (>200 ns), which is not beneficial for single-molecule 
photon-burst detection because it limits the cycle time between the ground and first excited 
singlet state, which is approximately equal to 1/τf, where τf is the fluorescence lifetime. The 
combination of Cy3 and Cy5 were selected as the donor/acceptor pair for the present studies 
based on several important characteristics, which were critical for maximizing the specificity and 
signal-to-noise-ratio for the spFRET measurements (see Figure 2.5 for the absorption and 
emission profiles of both dyes (Cy3 and Cy5)). 
For example, the emission range of Cy5 is such that background autofluorescence at its 
observation wavelength range is often reduced compared to dyes emitting in the blue region of 
the electromagnetic spectrum.33 In addition, Cy3 has a high molar extinction coefficient at 532 
nm, a common lasing line of a solid-state laser (εexc = 86,000/M·cm) leading to high rates of 
absorption, ka, at modest laser powers.34-36 Finally, the overlap integrals between Cy3 and Cy5 
have a rather favorable value (5.5 × 1013M/cm3), providing efficient energy transfer between this 
dye set. Also, to permit direct comparisons of spFRET and ensemble measurements, this dye set 
was throughout the reported studies. 
2.3.2 Effects of Linker Structures on the FRET Response for Cy3 and Cy5 
Results of ensemble studies used to optimize the linker architecture for the aptamer assembly 
to maximize the spFRET response are shown in Figure 2.6. These measurements were performed 
using high concentrations of the aptamer assemblies (1 µM) as well as a relatively low 
monitoring temperature (~7°C, Theoretical Tm= ~21.5°C at 1 µM), which assured that the 
majority of the aptamer assemblies were in their duplexed form (see next section for discussion 
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of thermal melting of duplexed 7-mers).  The linker identities included no linker versus an alkane 
(C6) linker and the presence versus absence of the PEG groups in the linker as well.   
 
Figure 2.6 Ensemble FRET spectra for the aptamer assemblies in which the complementary 
oligonucleotides were hybridized in TBS buffer at pH 8.5. Excitation was carried out at 532 nm 
and the fluorescence emission spectra acquired between 625 and 850 nm. Both oligonucleotides 
were synthesized with the FRET dyes attached with (designated by a prime) or without the PEG 
internal spacer between the appropriate dye and the oligonucleotide complements. Also shown 
are the emission spectra of the Cy5 aptamer assembly only using direct excitation at 532 nm. 
These spectra have been multiplied by 10-fold to improve clarity. The aptamer assembly 
concentrations used here was 1 µM with all measurements made at room temperature. (Courtesy 
of Dr. Anne Obubuafo, Chemistry Department, LSU). 
In these studies, we also considered direct excitation of the acceptor (Cy5 at 532 nm) in the 
absence of the donor (see Figure 2.6) as this can potentially give rise to false positive signals.  As 
can be seen, direct excitation of the Cy5 aptamer assembly at 532 nm excitation resulted in 
minimal amounts of fluorescence irrespective of the presence or absence of the PEG linker, 
which is consistent with the low molar absorptivity of Cy5 at this excitation wavelength. When 
the complementary sequences (7-mers) were predominately in the duplexed form with the linkers 
containing or not containing the C6 structure used to attach the fluorescent dyes to the aptamer 
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assemblies, relatively equal FRET responses resulted. However, when both aptamer assemblies 
contained the PEG linkers and the C6 linkers, slightly larger amounts of FRET signals were 
generated. Therefore, our spFRET measurements were carried out using the C6 linkers 
containing the PEG groups.  
2.3.3 Theoretical and Experimental Melting Temperature (Tm) of 7-mer Complementary 
Oligonucleotides 
 
We conducted experiments to determine the Tm of the 7-mer complementary oligonucleotide 
sequences attached to the aptamer assemblies used to bring the donor-acceptor pair into close 
proximity following aptamer(s) recognition of the target in order to undergo FRET. To optimize 
the spFRET response and minimize false positive or negative results, the 7-mer complementary 
oligonucleotides should have two main features: (1) a significantly different Tm following 
aptamer binding to their respective exosites of the target compared to the oligonucleotides when 
the aptamers are in their non-associated state; (2) following hybridization of the 7-mers, the 
donor (Cy3) and acceptor (Cy5) dyes are brought into close proximity to maximize the FRET 
response. Also, if hybridization of the complementary oligonucleotides occurs in the absence of 
thrombin, the experimental results can lead to false positives. Therefore, it was essential to 
compare experimental and theoretical Tm values for the 7-mer complementary sequences. 
Several algorithms can be effectively used for calculating Tm, most of which take into account 
solution and oligonucleotide conditions to determine the thermodynamic properties of the 
hybrids. Briefly, the Tm is a function of the GC/AT ratio, fragment length, nucleotide sequence, 
concentration of the oligonucleotides and the ionic strength and ion identity in terms of the 
solution conditions.  
In this study, the Tm of the 7-mer oligonucleotides were analyzed using the DINAMelt 
Software.37 To verify the theoretical Tm values, we collected ensemble donor and acceptor 
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fluorescence from a sample containing equimolar amounts of the two aptamer assemblies with or 
without thrombin under the same buffer conditions as those used for the spFRET measurements 
(see Figure 2.7 and Figure 2.8).  
 
Figure 2.7 Fluorescence intensity of the two aptamer assemblies resulting from Cy3 (donor) and 
Cy5 (acceptor) in the absence of thrombin. 
 
 
Figure 2.8 Ensemble FRET (acceptor fluorescence) measurements of the two aptamer assemblies 
(Cy3-labeled or Cy5-labeled oligonucleotide) in the absence and presence of thrombin using 
excitation at 532 nm. 
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We first carried out ensemble FRET measurements of the aptamer assemblies for 
fluorescence profile from Cy3 (donor) and Cy5 (Acceptor) in the absence and presence of 
thrombin (5 nM) by plotting the ratio of acceptor/donor fluorescence intensity as a function of 
temperature with the results of these investigations displayed in Figure 2.9. 
 
Figure 2.9 Normalized fluorescence melting curves for the complementary oligonucleotides of 
the aptamer assemblies as a function of temperature, which was determined by ensemble FRET 
measurements generated from the donor-acceptor pair.   
 
In both cases, the curves yielded a sigmoidally-shaped profile with the acceptor/donor ratio 
increasing at lower temperatures when the aptamer assemblies were either in the absence or 
presence of thrombin.  The results indicated that the complementary 7-mers displayed increased 
stability in the presence of thrombin compared to the case when no thrombin was present due to 
differences in their Tm’s (Tm ~ 9°C with no thrombin; Tm ~19°C with thrombin). This can be 
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explained by the fact that intramolecular duplexes have higher thermodynamic stability 
compared to intermolecular duplexes, especially at relatively low oligonucleotide concentrations 
as those used here.38 In the presence of thrombin, the aptamers associate to their respective 
exosites and thus form a molecular assembly to allow for the intramolecular hybridization of the 
7-mer complements whereas in the absence of thrombin, the hybridization remains as an 
intermolecular process. For our spFRET measurements, the selected measurement temperature 
was 20°C, slightly above the Tm for the aptamer assemblies in the presence of thrombin. While 
this will reduce false positive results by minimizing the number of hybrids formed for the 7-mers 
in the absence of thrombin, it can effectively melt nearly 50% of the hybrids formed in the 
presence of thrombin, increasing the false negative rate, because this temperature is close to the 
Tm of the association complex. Because Tm is a thermodynamic quantity, its value depends on 
concentration, at least for intermolecular hybrids. Based on theoretical calculations using 
DINAMelt, the Tm of the 7-mer complementary sequences was determined to be 4.9°C at 5 nM 
compared to approximately 21°C at 250 nM. The parameters used for the Tm calculations with 
the DINAMelt were: [Na+] = 100 mM, [Mg2+] = 1 mM, and a non-polymer mode. However, as 
noted above, Tm becomes independent of concentration when the complementary sequences 
hybridize intramolecularly. It is particularly advantageous to perform the FRET measurements 
with low aptamer assembly concentrations to provide a large difference in the Tm of the 
unassociated and associated aptamer assemblies to minimize the number of false positive signals. 
The experimental Tm for the aptamer assemblies in the absence of thrombin was found to be 
~9°C (see Figure 2.9), but the calculated value was found to be 4.9°C. We are uncertain at this 
time of why these values differ, but plausible explanations could be the effects of the linker 
structures on the hybrid stability (not` included in the DINAMelt calculations) or the effects of 
additional salts used in the experiments compared to the Theoretical calculations. 
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2.3.4 Working Concentrations of Aptamer Assemblies for spFRET  
The excitation laser beam creates a small open volume element called the probe or detection 
volume.39 When a fluorescent molecule passes through the probe volume, it will be cycled 
between its ground and electronic states with electronic relaxation producing fluorescence.  The 
number of these excitation/emission cycles is determined by the irradiance, transit time and the 
dye’s photostability, fluorescence lifetime and absorption cross section. Generally, single-
molecule experiments require the probability of single-molecule occupancy within the detection 
volume to be smaller than unity to statistically lower the probability of double occupancy.13  This 
can be achieved using fluorescent reporters of low concentration and/or small probe volumes. 
The probability of occupancy (P0) can be calculated from  
0 A VP CN P=   (2.1) 
where C is the analyte concentration, PV is the size of the probe volume, and NA is Avogadro’s 
number. To assure that the observed signals are indeed due to single molecules, the temporal 
average of the particle number inside the probe volume should be <0.1.40   
In this spFRET thrombin assay, the target single-molecule concentration is the association 
complex concentration, which is determined by the binding affinity (Ka, association constant), 
aptamer concentration, and thrombin concentration according to the following expression:  
 
Based on literature values, the Kd between HD1 (15-mer) and thrombin is 25 — 450 nM, 
whereas the Kd between HD22 (29-mer) and thrombin is ~0.5 nM as in Table 2.1.21, 41 The 
single-molecule occupancy in the present case is determined primarily by the associated triplex 
concentration, which in turn is determined by the aptamer and thrombin concentrations as well as 
the equilibrium constant for association/dissociation (Ka or Kd). To determine an acceptable 
aptamer concentration to make sure we operate in a regime of high single-molecule occupancy 
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probability and yet satisfy the thermodynamic constraints imposed by the equilibrium expression 
above, we measured the probe volume to allow the evaluation of an acceptable concentration of 
material using the Equation (2.1).  
Table 2.1 Reported binding affinity for thrombin-binding DNA aptamer (HD1 and HD22). 
 HD1,15-mer
1 
(nM) HD22, 29-mer
2 (nM) 
 
Year 
 
 
Method 
 
Binding Affinity 
for Thrombin 
(Kd) 
25 - 200 N/A 199242 Nitrocelluose  
Filter Partitioning 
75 - 100 0.5 199730 
Nitrocelluose  
Filter Partitioning 
450 N/A 199843 
Affinity Probe 
Capillary 
Electrophoresis 
240 ± 16 N/A 200344 
Affinity Probe 
Capillary 
Electrophoresis 
34 ± 4.8 29 ± 3.1 200645 Fluorescence Change Recording 
1 15-mer : 5′- GGTTGGTGTGGTTGG - 3′ 
2 29-mer : 5′- AGTCCGTGGTAGGGCAGGTTGGGGTGACT - 3′ 
 
The probe volume was determined from the average transit time, τt, of fluorescent beads 
moving through it. The transit time was estimated from an autocorrelation analysis of the single 
bead data stream.46 The 1/e2 beam radius (ω0) was determined from the transit time (4.8 ms) with 
the volumetric flow rate used in the experiment (linear velocity, v, was 0.08 cm/s based on the 
cross sectional area of the capillary tube and the input volumetric flow rate) using the equation, τt 
= (πω0)/2v, and yielded a value of 2.4 µm for the beam waist (ωo).47 The effective probe volume, 
V, could be calculated using, V=π3/2ω02z0, where zo is the confocal length (half-depth of focus of 
the relay objective).48 An upper limit for the effective probe volume is ~0.8 pL if it is assumed 
that zo = 25 µm (radius of capillary tube because a pinhole was not used in the secondary image 
plane of the relay objective). Using Equation (2.1), we can therefore use an aptamer assembly 
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concentration of ~0.1 pM to remain in the single-molecule occupancy regime assuming that the 
aptamers are the limiting reagents and the Ka is large enough to favor the formation of the 
complex. 
However, the experimental results for the use of 0.1 pM concentrations of the aptamer 
assemblies showed no evidence of photon burst events on the Cy5 acceptor channel irrespective 
of the thrombin concentration employed. While we are not certain of the Ka value for the 
equilibrium expression shown above, the use of these small concentration values for the aptamer 
assemblies did not seem to favor formation of the association complex to any appreciable 
amount. 
In order to increase the working concentrations of the aptamer assemblies to drive the 
equilibrium toward the association complex, the probe volume was further reduced by 
introducing a pinhole in the secondary image plane of the optical path through a 100X, 1.25 NA 
objective (SPlan100, 1.25, Olympus). This new probe volume was found to have a volume of 
~0.055 fL if only considering the central cylindrical volume, and ~0.69 fL if a more applicable 
Gaussian model was imposed.49 Using this probe volume size, it was required to increase the 
working concentration of the aptamer assemblies to ~5.0 nM to observe spFRET photon bursts 
arising from the association complex.  
Assuming all of the aptamers and thrombin exist as the triplex, the mean occupancy number of 
the triplex molecules resident in the optical probe volume of 0.69 fL would be 2.07, which would 
show no evidence of single photon burst events and an increase in the average background 
level.49 As can be seen in Figure 2.10, the average background level did not increase at this 
aptamer assembly concentration and discrete burst events were clearly evident, indicating that 
the mean occupancy is significantly less than the number calculated based on the aptamer 
assembly concentration. 
50 
 
2.3.5 Specificity of Thrombin spFRET Detection  
A series of “blank” solutions was analyzed using single-molecule photon-burst detection to 
address the question of whether the 7-mer complementary sequences appended to each 
recognition aptamer would hybridize in the absence of thrombin. The presence of photon burst 
signatures can arise from either energy transfer between the donor-acceptor pair following self-
hybridization of the 7-mer complementary sequences contained in the aptamer assemblies or 
direct excitation and emission of the donor or acceptor. To perform these measurements, a preset 
threshold value was selected, which was determined by evaluating data from buffer solutions 
only (see Figure 2.10a) and was set high enough to produce no false positive signals from this 
buffer. The optimum value for this threshold maximizes detection efficiency and, at the same 
time, minimizes false positive signals.47 In the data acquisition software, the photoelectron 
events were processed using a weighted sliding sum filter to distinguish between photon bursts 
generated from single molecules and those from random fluctuations in the background.49  
The time-width of the filter corresponded to the average molecular transit time with the 
weighting factors selected to model a Gaussian function due to the Gaussian laser beam profile. 
As can be seen in Figure 2.10b, only a single photon-burst-event appeared above the 
discriminator threshold (10,000 counts/s) for the Cy5 (acceptor) detection channel when the 
buffer containing the aptamer assemblies and no thrombin was analyzed (collection time T = 100 
s). From previous theoretical and experimental results, the melting temperature of the 7-mer 
complementary sequences at 5.0 nM was estimated to be ~4.9°C. Therefore, at room temperature 
the complementary sequences in the absence of thrombin should be predominately in their 
single-stranded form and thus, based on proximity considerations, only a very small number of 
occurrences of FRET would be expected.    
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Figure 2.10 Raw data of spFRET events for the single molecule detection of thrombin. The 
average number of events were registered as those above the threshold level (10,000 s−1), which 
is shown as the dotted line in each panel. Aptamer assembly solutions (5 nM 5’-HD1-7mer-Cy3-
3’ + 5 nM 3’-HD22-7mer-Cy5-5’) were incubated with thrombin for approximately 20 mins 
before loading into the flow cell and monitoring the single-molecule burst data (buffer conditions: 
50 mM Tris at pH 8.5, 100 mM NaCl, 5 mM KCl, and 1 mM MgCl2).  (a) Buffer only; (b) 5 nM 
5’-HD1-7mer-Cy3-3’ + 5 nM 3’-HD22-7mer-Cy5-5’; (c) 5 nM 5’-HD1-7mer-Cy3-3’ + 5 nM 3’-
HD22-7mer-Cy5-5’ + 5 nM thrombin. The experiments were carried out using 532 nm excitation 
(30 µW). The solutions were hydrodynamically driven through the probe volume using a syringe 
pump at a linear flow rate of 0.08 cm/s.  
 
To evaluate the ability of the aptamer assemblies to transduce the presence of thrombin using 
spFRET, thrombin was spiked into a solution containing a final concentration of 5 nM of each of 
the two aptamer assemblies at a concentration of 5 nM as well. As can be seen from Figure 
2.10c, a number of photon-burst events were found to exceed the preset molecular discriminator 
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threshold with a range of amplitudes due to the fact that the association complexes could move 
through the Gaussian beam on the wings, where the photon flux is lower and the excitation rate 
and photon yield drops. Over the 100 s time period displayed in Figure 2.10c, 20 events were 
detected. Unfortunately, we cannot calculate the number of expected events based on the 
concentration of the molecular species, the probe volume size and the linear velocity as is done 
in most flow-based single molecule experiments due to the fact that the thrombin:aptamers 
association complex concentration is thermodynamically controlled and we are uncertain of the 
valve of Ka. It should be noted as well that the single-molecule measurement temperature (see 
solid arrow in Figure 2.9) is close to the Tm of the complementary sequences contained in the 
aptamer assemblies in the presence of thrombin and approximately 50% of the expected response 
may be lost due to duplex melting.  
 
Figure 2.11 Comparison of the average number (five replicates for each 100 s assay) of single-
molecule events on various combinations of samples showing the selectivity of the aptamers 
assemblies for thrombin. The final concentrations of the samples were 5 nM with the same 
concentrations used for both aptamer assemblies, thrombin, and prothrombin. 
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In addition, at the thrombin concentration employed here (i.e., comparable to the aptamer 
assembly concentrations), we may have thrombin molecules that have only one of their exosites 
filled, giving rise to false negative signals because these complexes would not produce a spFRET 
response. Using thrombin concentrations below the aptamer assembly concentrations would 
alleviate this source of error.    
We further explored the specificity of spFRET analysis by testing solutions containing 
prothrombin under the same experimental conditions used for thrombin and compared these 
results to the thrombin solutions. The histograms in Figure 2.11 show the average number of 
spFRET events (five replicates) above threshold that were observed for each of the samples 
tested.  
As can be seen from the results depicted in Figure 2.11, single-molecule events were 
observed for prothrombin, but at a much lower frequency compared to thrombin. 
This result is consistent with previous experimental results obtained by Heyduk et al.,  in 
which prothrombin could be recognized by these aptamer sensors but with much reduced (>20-
fold) limit-of-detection compared to thrombin, which results from its expected lower Ka 
compared to thrombin.31  
2.3.6 Sensitivity of the spFRET Measurements  
Calibration plots were next constructed using spFRET and ensemble FRET measurements 
for thrombin using the aptamer assemblies depicted in Figure 2.3. For the spFRET 
measurements, the number of photon-burst events versus the thrombin concentration was used 
while for the ensemble measurements, the fluorescence intensity versus thrombin concentration 
was plotted. The resulting calibration plots are shown in Figure 2.12, with error bars obtained 
from four replicates. Analysis of the calibration plots indicated a thrombin concentration limit-
of-detection of 48 nM for the ensemble measurement (three standard deviation units above 
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The relative change in the analytical signal was calculated as  
∆signal / <signal> (2.2) 
and was normalized to the concentration of thrombin (nM); ∆signal = the change in signal 
between two data points in the calibration plot and <signal> is the average signal of the same two 
data points.  
As can be seen from this data, the analytical sensitivity normalized to the concentration is much 
greater for the spFRET measurements compared to the ensemble measurements. Therefore, 
much smaller changes in thrombin concentration can be accurately discerned using the single-
molecule readout strategy compared to ensemble measurements.  
2.4 Conclusions   
In this study, the performance of a spFRET system was evaluated for the detection of single 
protein molecules using thrombin as a model and demonstrated the advantages of direct single-
molecule readout without the need of any amplification step prior to readout. The assay was 
successfully coupled to a dual aptamer molecular recognition event to provide high specificity 
for the detection phases of the assay. This dual molecular recognition process allowed for 
distinguishing thrombin from its zymogen analogue, prothrombin. In addition, the ability to 
transduce the presence of single protein molecules using photon-burst detection provided high 
analytical sensitivity. While other strategies have been reported for the single-molecule analysis 
of protein molecules, for example the proximity ligation-based assay,8-9 most require an 
intervening PCR amplification step with indirect readout accomplished via PCR amplicons 
following a successful ligation event. The assay reported herein eliminates the need for the PCR 
amplification step and can provide near real-time readout with the only sample pre-processing 
requirement being an incubation step that allows the molecular associations to occur before on-
line spFRET detection. While the current spFRET measurements used a 20-minute incubation 
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step, this incubation time can be significantly reduced using small reaction volumes (i.e., lower 
diffusional distances) and/or active mixing, such as those typically employed in many 
microfluidic platforms.   
In the present example, a single target molecule was analyzed using this assay format, which 
employed a flow-through system with photon burst detection of spFRET events.  However, in 
many clinical applications, multiple markers must be simultaneously analyzed using a 
multiplexed format.  We have recently reported a system that can perform spatial multiplexing 
using a flow-based single-molecule detection approach.50 Therefore, the single-molecule assay 
reported herein can be configured using microfluidics and an imaging CCD to perform 
multiplexed clinical measurements in which a panel of markers from a single sample can be 
simultaneously analyzed in near real-time. 
Finally, while the fluorescence limit-of-detection was reported to be at the single-molecule 
level (see data in Figure 2.11), the actual concentration detection limit of the target, which in this 
case is thrombin, depends intimately on the thermodynamic properties of the association 
complex with tighter binding molecular recognition elements improving this limit-of-detection.  
Therefore, the use of higher affinity recognition elements for the selected targets will be 
particularly attractive for improving the concentration limit-of-detection. It should be noted that 
while aptamers were used here, any recognition element can be used, for example antibodies or 
peptoids. The only requirement is that the target contain at least two different unique binding 
sites. 
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CHAPTER 3 INSTRUMENTATION FOR FLUORESCENCE CROSS-CORRELATION 
SPECTROSCOPY AND ITS CHARACTERIZATIONS2 
 
3.1 Introduction 
 
3.1.1 Fluorescence Correlation Spectroscopy 
 
Fluorescence correlation spectroscopy (FCS) or fluorescence fluctuation spectroscopy (FFS) 
has emerged as a sensitive technique to monitor a variety of biochemical reactions, such as 
protein-protein interactions,1-2 reaction kinetics,3-4 and equilibrium concentrations.5-6 FCS was 
introduced more than 35 years ago to measure diffusion and chemical dynamics of DNA-drug 
interactions through the analysis of concentration fluctuations about the equilibrium of a small 
ensemble (~103) of molecules.7 Recently, FCS has been applied as a tool to screen for protein 
interactions for both fundamental research and drug development/discovery applications due to 
its noninvasiveness, single molecule sensitivity, rapid readout, highly sensitive nature and 
accessibility to physical and chemical information  at the molecular level.8-10  
The common instrumental setup for a FCS experiment consists of a laser beam with a 
Gaussian profile, which is directed into a microscope objective with a high numerical aperture 
and focused into an aqueous solution containing molecules under study that are labeled with a 
fluorescent dye.11 The focused laser beam creates a small open volume element called the probe 
volume (typically, ~femtoliter) as shown in Figure 3.1a. The temporal average of the particle 
number inside the probe volume is typically between 0.1 and 1,000 for FCS or FFS (see Figure 
3.1b.11 The occupancy number fluctuates about its equilibrium value as molecules diffuse in and 
out of the probe volume or as fluorescent molecules chemically transform to and from non-
fluorescent forms undergoing molecular processing. The temporal autocorrelation of the 
                                                 
2 Reproduced in part with Permission from Lee, W.B.; Lee, Y.I.; Lee,J.H.; Davis, L.M.; Deininger, P.; Soper, S.A. 
Anal. Chem., 2010, 82(4), 1401 - 1410, DOI: 10.1021/ac9024768, Copyright 2010 American Chemical Society." 
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fluorescence signal fluctuation yields the time scale of such dynamics and its variance provides 
the average number of independent fluorophores (<N>) in the probe volume.12 
 
Figure 3.1 (a) Schematic view of the probe volume created by the focused laser beam (b) The 
fluctuating fluorescence intensity reflecting the number of fluorescent molecules in the probe 
volume (c) A generalized FCS autocorrelation function (Zander et al.12). 
 
Mathematically, the normalized autocorrelation function, G(τ), is calculated as the time 
average of the product of the fluctuations of the detected fluorescence [ΔI(t)] at every time t 
(ΔI(t)= I(t) - <I>) and the fluctuations at the delayed time, t + τ, normalized by the squared time 
average of the fluorescence emission, <I>, as shown in equation (3.1).13 
 2 2
( ) ( ) (0) ( )( ) 1I t I t I IG
I I
τ ττ < ⋅ + > < Δ ⋅Δ >= = +< > < >      (3.1) 
The angular brackets (< >) indicate an average value, I is the fluorescence signal as a 
function of time, and τ is the delay time. The signal is analyzed with respect to its self-similarity 
after the lag time (τ) and also represented as transit time. The zero time correlation G(0) = 
<ΔI(t)>2/<I(t)>2 is the normalized variance of I(t); it represents the relative magnitude of the 
fluctuations. The temporal variation of ΔI(t) is proportional to ΔN(t), the fluctuations of the 
number of independent fluorophores in the probe volume.14 In addition, the measured time 
course of fluctuations of I(t) around the average fluorescence signal <I> provides information on 
molecular processes or molecular motion.15  
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Figure 3.2 Autocorrelation function analysis of a biochemical reaction process resulting in the 
changes of diffusion properties upon reaction corresponding changes in the correlation time on 
the Y-axis (Zander et al.12). 
 
Therefore, the autocorrelation function contains information about chemical reaction kinetics, 
coefficients of diffusion, and the equilibrium chemical concentrations of analytes. (see Figure 3.2) 
In practice, Krouglova et al. applied FCS to the study of fluorescently labeled tubulin and its 
oligomerization in vitro induced by Mg2+ ions, paclitaxel, and a fluorescent derivative of 
paclitaxel (Oregon green 488 paclitaxel) at nanomolar concentrations.16 DNA condensation 
induced by spermine was also monitored by labeling the DNA with a picogreen dye based on the 
fact that the condensation of DNA involves a dramatic decrease in the molecular volume causing 
changes in diffusion coefficients.17 For example, Figure 3.2 shows a simulated FCS curves for a 
binding reaction. In short, a smaller molecule (ligand) moves faster than a larger molecule 
(ligand-receptor complex). That means that the transit time of a small molecule in the probe 
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volume is much shorter than a larger molecule. Theoretically, the transit time is dependent on its 
diffusion coefficient defined by the Stokes-Einstein equation (3.2) for a spherical molecule,8, 18-19  
ܦ ൌ
݇஻ܶ
6ߨߟݎ
   ሺ3.2ሻ 
where kB is Boltzmann’s constant (1.380 × 10−23 J/K, 1 cm−1 = 1.986 × 10−23 J), T is the absolute 
temperature is the viscosity of the fluid in which the molecule is moving, and r is the molecular 
radius. This equation is also known as the Stokes-Einstein relation. It is used to estimate the 
diffusion coefficient of a globular protein in aqueous solution. Due to its ability to the measure 
diffusion coefficients, FCS has also been used to determine flow profiles of 
Tetramethylrhodamine-labeled nucleotide (TMR-dUTP) in a microchannel of a silicon 
microchip (see Figure 3.3). 
 
Figure 3.3 Measurement of flow profiles and autocorrelation analysis for different flow 
velocities in the 50-µm microchannel (Reprinted with permission. Gosch et al.20 and Zander et 
al.12).  
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3.1.2 Fluorescence Cross-Correlation Spectroscopy 
 
Most applications of FCS are based on the analysis of the molecular dynamics and the 
reaction kinetics of fluorescently labeled biomolecules that undergo temporal changes in their 
diffusion properties. However, when analyzing an enzymatic reaction, the change in mass 
between enzyme and enzyme-substrate complex is usually small and thus, is not recognizable 
due to the logarithmic time-scale of the diffusion coefficient calculated by the Stokes-Einstein 
equation for a spherical molecule.8, 11, 18-19  
 To overcome this issue, a substrate molecule can be labeled with two spectrally 
distinguishable fluorophores and the molecular changes invoked on this substrate, for example 
by an enzyme, monitored using fluorescence cross-correlation spectroscopy (FCCS). For 
example, a double-stranded DNA substrate was labeled with a red (Cy5) and green (Rhodamine 
green) dye at opposite ends and the restriction endonuclease, EcoRI, was added to clip the DNA 
at an internal site.(see Figure 3.4) 
Due to the site specific breaks induced by EcoRI, the number of doubly-labeled DNA 
substrate molecules decreased successively with the enzyme reaction progress (see Figure 3.5). 
Enzyme activity down to 1 pM was determined successfully by monitoring the cross-correlation 
function.21 
 
Figure 3.4 Sequence of the dsDNA substrate with fluorophore labels. The EcoRI recognition 
sequence is shown in bold letters. Arrows indicate the phosphodiester bonds that are cleaved. 
Reprinted with permission (Kettling et al.21). 
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Figure 3.5 Sequence of the dsDNA substrate with fluorophore labels. The EcoRI recognition 
sequence is shown in bold letters. Reprinted with permission (Kettling et al.21). 
 
Under the same instrumentation scheme (the same dye pair, Rhodamine Green and Cy5), 
Schwille and co-workers also used FCS to monitor a chemical reaction causing hybridization of 
two independent oligonucleotides and traducing amplitude changes in cross-correlation functions 
as shown in Figure 3.6.22 
As the reaction time of the association (hybridization) of two oligonucleotides, the amplitude 
of cross-correlation functions increased and the kinetic data was extracted. For performing the 
dual-color cross-correlation experiment, two lasers with different wavelengths are required for 
the simultaneous excitation of two fluorophores and the emission wavelengths are divided into 
two channels via a dichroic mirror/grating system.21 For example, doubly-labeled molecules can 
be detected as coincident events (see Figure 3.7) but singly-labeled molecules represented as free 
probes can be detected as non-coincident events. 
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fluorescent species, i at times t and j at t + τ, normalized by the product of the time-averaged 
fluorescent signals of the two species i and j.  
1 2
1 2
( ) ( ) (0) ( )( ) 1i jc
i j
I t I t I IG
I I I I
τ ττ < Δ Δ + > < Δ Δ >= = +< >< > < >< >    (3.3) 
Compared to FCS in which a single autocorrelation function is calculated using this equation 
with i = j, cross-correlation functions use i ≠ j as shown in equation (3.3). Other detailed 
mathematical relationships for FCCS theory can be found in the literature.4, 22, 24  
3.1.3 Challenges in a Previous FCCS System 
FCCS can provide a powerful tool for the study of biomolecular interactions through the 
monitoring of coincident signals of two spectrally distinct fluorophores. Most of the FCCS 
applications have used commercially available instruments, such as the Zeiss Confocor 2 (Carl 
Zeiss, Inc., Jena, Germany, see Figure 3.8 and Figure 3.9) and Leica (FCS2, Wetzlar, Germany), 
which unfortunately have limited excitation sources and filters.3, 21, 25-26  
 
Figure 3.8 Commercially available FCCS instrument (image was obtained from Zeiss Confocor 
2, Carl Zeiss, Inc., Jena, Germany). 
68 
 
 
Figure 3.9 The dual-color FCCS setup in the commercialized Confocor 2. Two parallel laser 
beams of an argon-ion laser (488 nm) and a helium-neon laser (633 nm). Two avalanche 
photodiodes were used to detect the separated fluorescence emission separated by a dichroic 
mirror. Reprinted with permission (Kettling et al.21). 
 
When performing FCCS measurements, special considerations to cross-excitation, cross-
emission, and fluorescence resonance energy transfer (FRET) must be provided, which in many 
cases require additional data processing to prevent false positive signals arising from spectral 
leakage and to improve data quality.27 This cross-talk (signal leakages into other detection 
channel) is typically a result of the broad excitation/emission envelopes associated with most 
molecular dye systems.  
To solve issues associated with cross-excitation and/or cross-emission in FCCS, new 
methodologies such as single laser wavelength FCCS (SW-FCCS),1 two-photon excitation 
(TPE),28 and grating-based four-color FCCS using quantum dots,29 have been proposed. For 
example, Hwang et al. proposed SW-FCCS using a single laser excitation beam at 488 nm to 
excite a combination of labels emitting at 510 nm and 695 nm with different Stokes shifts.1 
However, cross-talk was not completely suppressed.  
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Figure 3.10 Optical setup for filter-free multicolor FCS. Four differently emitting Qdots, mixed 
in a sample, are efficiently excited with a single argon laser line. Emission is spectrally split by a 
diffraction grating and projected onto several fibers arranged in a linear array and detected by 
multiple APDs independently. Inset, normalized emission spectra (bottom) and the spectral 
collection range for each fiber in the array (top), shown by a scaled photograph. Reprinted with 
permission (Burkhardt et al.29). 
 
Burkhardt et al. also developed a filterless four-color fluorescence correlation spectrometer, 
which used a grating-based detection platform resulting in quasi-simultaneous recording of 
autocorrelation curves of four quantum dots (see Figure 3.10).  
In this approach, a mixture of four different water-soluble noninteracting CdSe/ZnS quantum 
dots (λem1 = ~ 530 nm, λem2 = ~ 570 nm, λem3 = ~ 600 nm, and λem4 = ~ 650 nm) were excited by 
a 488 nm argon laser line. However, the proposed setup still showed spectral cross-talk 
(<10%).29 While these methods were fairly successful at minimizing spectral cross-talk, 
additional mathematical computation steps were still required.30 
Recently, Thews et al. successfully eliminated cross-talk signals in their FCCS 
measurements by adopting an acousto-optic modulator (AOM)-based pulse picker system (see 
Figure 3.11) to make alternating laser beams of different colors (a blue laser at 425 nm and a 
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green laser at 515 nm).31  The emitted photons of two different fluorophores were counted using 
a single detector, which was synchronized with the AOM system.  
 
Figure 3.11 (a) Pulsed excitation scheme for cross talk free FCCS. Fluorescence time intervals 
for data analysis can be selected by software. (b) Schematic overview of the FCCS setup. 
Reprinted with permission (Thews et al.31). 
 
 
Figure 3.12 The Pattern of switching signal processing and detection signals at each APD. (a) 
AOTF signals controlled with 50 kHz frequency. (b) Alternating excitation outputs of lasers (c) 
Detected fluorescence signals at each APD. Reprinted with permission (Takahashi et al.32). 
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More recently, Takahashi et al. demonstrated the feasibility of cross-talk-free, switching 
FCCS system using acousto-optic tunable filters (AOTFs) in the excitation laser unit to make 
more precise alternating laser beams for the study of the activity of caspase-3 (see Figure 3.12).32 
However, the aforementioned techniques not only required extra modulators for alternating the 
laser pulse generation, but also needed post-processing of the data to rematch the time course of 
the alternating detected signals (see Figure 3.12c) (see also Table 3.1 for the proposed methods 
and challenges).  
Table 3.1 Proposed FCCS methods and challenges 
Methods Challenges 
Single laser wavelength FCCS (SW-FCCS)1 
‐ Crosstalk was not completely 
suppressed. 
Two-photon excitation (2P-FCCS)28 
‐ Low probability of the absorption of 
two photons for the excitation 
Two alternating pulsed excitation  
(AOM-FCCS)31 
‐ Required modulators 
‐ Needed post-processing of the data to 
synchronize the time course of the 
alternating detected signals 
‐ Potentially can lose data between 
switching time (20 µs) 
Switching FCCS system  
(AOTF-FCCS)32 
 
The objective of this work was to demonstrate the design and construction of an efficient 
dual-color FCCS system capable of studying enzymatic reactions to provide near real-time 
results by negating the need for mathematical compensations of cross-excitation/cross-emission 
or post-processing of the data. The FCCS system incorporated excitation of a pair of 
fluorophores with a large spread in their excitation maxima (Cy3 and IRD800) to provide cross-
talk free dual-color FCCS. Due to their large spectral separation (~250 nm), cross-talk between 
the two color channels was completely suppressed. The system was analyzed using a model 
system, in this case monitoring the activity of the enzyme, APE1(also known as Hap1, Apex, and 
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Ref-1), which is responsible for >95% of the nicking activity of the phosphodiester backbone in 
DNA on the 5′ side of an apurinic/apyrimidinic site.33-34 
3.2 Materials and Methods 
3.2.1 Materials 
In order to optimize the optical alignment of the 560 nm color channel, carboxylate-modified 
fluorescent microspheres (0.2 µm in diameter, F8809, Molecular Probes, Eugene, OR) were used 
due to their superior photostability and brightness. Commercially available PbS Quantum Dots 
(ED-P20-TOL-0850, PbS Core EviDots, Evident Technologies, Troy, NY) were chosen for the 
alignment optimization of the 810 nm color channel. These quantum dots have a nominal 
diameter of 2.2 nm (λabs < 700 nm, λem = 850 nm, εext = 2.00 x 104/mol) and was shipped in 
toluene at concentrations of 2.5 mg/mL. The fluorescent samples were diluted with HPLC grade 
water in order to avoid high background from contaminated buffer solutions and vortexed for ~3 
mins to minimize aggregation effects prior to use.  
 
Figure 3.13 Schematic representation of the instrumental setup for the dual-color FCCS. Two 
excitation beams at 532 nm and 780 nm were focused through a 40X, 0.75 NA objective into a 
50 µm internal diameter fused silica capillary. The dual color fluorescence was subsequently 
processed on two different color-channels (560 nm and 810 nm) containing SPADs. 
 3.2.2 Dual-color FCCS Instrum
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polyimide coating of the capillary with the distance from injection to detection being 20 cm, was 
~1 cm as shown in Figure 3.14. The sample solutions were delivered through the capillary using 
a Harvard apparatus model 22 syringe pump (South Natick, MA). Both lasers were operated with 
an average power of 50 µW as measured at the capillary. A custom-designed dichroic mirror 
(Z532/780RPC, Chroma Technologies, Rockingham, VT) was used to reflect the collimated 
excitation beams through the objective and focused into the detection window of the capillary by 
positioning the dichroic mirror at a 45° angle of incidence. The dual-color fluorescence 
emissions resulting from Cy3 (λabs = 532 nm, λem = 560 nm) and IRD800 (λabs = 780 nm, λem = 
810 nm) were collected by the same objective, transmitted through the dichroic mirror 
(Z532/780RPC), and sorted by a second dichroic mirror (640DCSPXR, Chroma Technologies, 
Rockingham, VT) into one of two detection channels with observation wavelengths centered at 
560 nm and 810 nm. For the 560 nm detection channel, a short-pass filter (720SP-2P, Chroma 
Technologies, Rockingham, VT) and a band-pass filter (XB97, 560BP10, Omega Optical, 
Brattleboro, VT) centered at 560 nm with a 10 nm bandwidth (FWHM) were used to isolate the 
green fluorescence. Similarly, the 810 nm detection channel had an 800 nm long-pass filter 
(HQ800LP, Chroma Technologies, Rockingham, VT) and a band-pass filter (810DF10, Omega 
Optical, Brattleboro, VT) centered at 810 nm with a 10 nm bandwidth (FWHM) (see Figure 3.15, 
Figure 3.16, and Figure 3.17 for detailed transmission profiles for each filter). The filtered 
fluorescence was then focused onto the active area (175 µm) of two separate single photon 
avalanche diodes (SPCM-AQR-14, EG&G, Vandreuil, Canada) using a 20X objective 
(MRH00200, Plan fluor, Nikon). Dark count rates for the SPCM were <100 cps according to the 
manufacturer. The avalanche pulses from the SPCM were fed into a counter/timer computer 
board (PCI-6602, National Instruments, Austin, TX) having a temporal resolution of 12.5 ns and 
subsequently analyzed with custom-built software written using LabVIEW 7.0 (National 
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Instruments, Austin, TX) by measuring the green color signal and near-IR color signal 
simultaneously and cross-correlating them to determine enzyme activity (see Figure 3.18, Figure 
3.19, and Figure 3.20 for the captured images of programs ).  
 
Figure 3.15 Transmission profile of a long-pass filter (HQ800LP, Chroma Technologies, 
Rockingham, VT). 
 
Figure 3.16 Transmission profile of a short-pass filter (720SP-2P, Chroma Technologies, 
Rockingham, VT). 
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Figure 3.17 Transmission profile of a dichroic mirror (640dcspxr, Chroma Technologies, 
Rockingham, VT). 
 
 
Figure 3.18 Custom-built data acquisition software written using LabVIEW 7.0 (National 
Instruments, Austin, TX). 
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Figure 3.19 Custom-built data analyzing software written using LabVIEW 7.0 (National 
Instruments, Austin, TX). 
 
FCCS experiments were performed for 20 s for each sample, and the auto- and cross-
correlation functions were obtained. The counter/timer board was operated in the buffered event 
counting mode to record the arrival time of each detected photon.  
 
Figure 3.20 Two-channel data acquisition software written in LabVIEW7.0. 
 
An internal 80 MHz clock updated the counter value continuously; each time an electronic 
pulse from the SPCM arrived at the counter gate, the counter value was stored. This differs from 
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many single-molecule fluorescence acquisition systems that typically record the number of 
photon counts in a user-defined integration period, typically in the range of 100 µs to 10 ms.  
Recording the arrival time of each photon with a time resolution of 12.5 ns allowed 
production of intensity trajectories on any time scale >12.5 ns, which can then be used to 
produce correlation functions with a minimum time resolution. Details on the data acquisition 
software and algorithm for the calculation of auto-correlation and cross-correlation functions 
from single photon bursts have been described previously.35 
3.3 Results and Discussion 
3.3.1 Optimization and Characterization of System Conditions 
3.3.1.1 Alignment and Signal Leakage 
In FCCS, fluorescence signal of one dye in one detection channel should not leak into the 
detection channel of the second dye. For example, the fluorescence from Cy3 should not be 
detected by the IR-region detector. In addition, a reasonable detection range of concentration 
should be about 1 nM.10, 20, 36  
In order to check any signal leakage, each fluorophore sample solution at 1 nM was injected 
into the capillary column and then photon arrival times were measured. Figure 3.21 shows the 
spectra when a 1 nM sample of Cy3 was injected after 10 sec of system startup, recognizable 
photons in the visible-region channel were collected without any leakage of signal into IR-region 
channel. Figure 3.22 is the result from a 1 nM sample of IRD800, showing significant increase in 
photon counts obtained with the IR-region detector. As expected, any fluorescence signal from 
IRD800 was not transmitted or leaked into the visible-region channel. Based on these results, it 
was concluded that there is no distinguishable signal leakage to the other channel. The dual 
channel detections were monitored with the mixed dyes (Cy3 and IRD800) at 500 pM as can be 
seen in Figure 3.23.  
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Figure 3.21 Fluorescence collection on dual detection channels when a 1 nM sample of Cy3 was 
injected after 10 sec of system startup. 
 
Figure 3.22 Fluorescence collection on dual detection channels when a 1 nM sample of IRD800 
was injected after 10 sec of system startup. 
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Figure 3.23 Fluorescence collection on dual detection channels when a Cy3 and IRD800 were 
injected at 500 pM concentration after 10 sec of system startup. 
 
In order to optimize the alignment of the system, a 0.2 µm fluorescent microsphere sample 
was used (F8809, Molecular probes, see Figure 3.24 for absorption and emission profiles). 
Commercially available PbS Quantum Dots (ED-P20-TOL-0850, PbS Core EviDots, Evident 
Technologies, Troy, NY) were chosen for the optimization of the 810 nm color channel. These 
quantum dots have a nominal diameter of 2.2 nm (λabs < 700 nm, λem = 850 nm, εext = 2.00 x 
104/mol) and were shipped in toluene at concentrations of 2.5 mg/mL.(see Figure 3.25) 
The highly diluted microsphere sample showed the single molecule event without signal 
leakage into the other channel. With the diluted fluorescent microsphere samples, the system 
configuration and alignment could be optimized for better photon detection on the visible-region 
channel. For the alignment of IR-region channel, the same microsphere sample was used by 
replacing the IR filters (FEL0800 and FB810-10) with the visible filters (FEL550, FB560-10) 
after removing of the second dichroic mirror. After positioning the detector and silver mirror by 
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monitoring the transmitted signal with a microsphere sample, the original filters (FEL0800 and 
FB810-10) were reinserted with the fixed other optics and detector.  
 
 
Figure 3.24 Absorption and emission spectra of 0.2-µm (in diameter) fluorescent, carboxylated 
microspheres (F8809, Molecular probes, Eugene, OR). 
 
Figure 3.25 Schematic of detection window formed by removing the polyimide coating of the 
capillary Fused Silica Capillary (Quantum Dots, ED-P20-TOL-0850, PbS Core EviDots, Evident 
Technologies, Troy, NY).  
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For better understanding of this system, the parameters affecting the signal collection such as 
the flow rate of syringe pump, the concentration of dye, and the transit time were investigated. 
3.3.1.2 Flow Rate and Transit Time 
We used fluorescent nanoparticles to aid in the initial evaluation of system performance in 
terms of color cross-talk due to their high brightness and favorable photostabilities. The dual-
color optical system parameters were investigated using 200 nm fluorescent spheres for the green 
color channel and quantum dots for the near-IR color channel.  
 
Figure 3.26 Raw data of single particle events when a microsphere sample at the concentration of 
3.91 × 104 particles/ml was injected with different flow rates (a) 1.0 µl/min, (b) 2.0 µl/min, (c) 
3.0 µl/min, and (d) 4.0 µl/min. 
 
The FCCS dual-color system was first characterized in terms of the single molecule delivery 
rate (depends on flow rate and concentration) and their effects on detection sensitivity as well as 
processing throughput. If the occupancy probability of particles is low (<1), which is adjusted 
using the proper concentration range, the number of molecular events should increase linearly 
with the linear velocity (Nev = (2PvvT)/(πω0)).37 Conversely, when high flow rates are used, the 
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average transit time decreases due to the reciprocal relationship between the linear velocity and 
the transit time (τt = (πω0)/(2v)).37 
A microsphere sample at 3.91 × 104 particles/ml was injected into the sampling capillary at 
flow rates ranging from 1.0 µl/min (ν = 0.84 cm/s) to 4 µl/min (ν = 3.39 cm/s). The dependence 
of transit time on the flow rate was also determined from an autocorrelation curve that was 
calculated from the detected photon burst signals generated when each particle entered the probe 
volume. As expected, the duration of the photon burst signals with high flow rate was lower than 
the duration at low flow rate. 
 
Figure 3.27 The linear relationship between the flow rate and the number of photon bursts. 
 
However, the number of detected photon bursts increased linearly (R2 = 0.994, n=5) as a 
function of flow rate (see Figure 3.26a-d and also Figure 3.27).  
To perform these measurements, a preset threshold value was selected, which was 
determined by evaluating data from buffer solutions only and was set sufficiently high to 
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Found above the threshold level (20,000) from a particle sample were ~2 for a concentration of 
4.5 × 105 particles ml-1 and ~17 for a concentration of 3.6 × 106 particles ml-1 . The linearity can 
be seen in Figure 3.30c. Based on these numbers, a detection efficiency of ~ 69% was calculated 
on average from the four different samples. 
3.3.1.4 Investigating Cross-talk Using Single Particle Detection 
FCCS measures chemical interactions by cross-correlating signals from two or more spectral 
channels. One of the challenges associated with this scheme is cross-talk between detection 
channels, which results from overlap in the broad absorption and/or emission spectra of the 
fluorescent dyes, used to report on enzyme activity, and the inefficiency in spectral sorting by the 
optical filters. Hence, for the realization of cross-talk free fluorescence cross-correlation analysis, 
a viable alternative can be the selection of fluorophores that prevent or significantly minimize 
spectral cross-talk by using a dye pair with a large spacing in their emission maxima. Here, we 
combined Cy3 emitting fluorescence at 560 nm with IRD800 emitting fluorescence at 810 nm as 
the dye pair, which could potentially provide cross-talk free dual-color FCCS due to their large 
spectral separation (~250 nm). 
To demonstrate the extent of cross-talk and/or spectral leakage between these two color 
channels, fluorescent spheres and quantum dots with large Stoke’s shifts (~278 nm) and high 
brightness were employed. A mixture of microspheres (λabs = 532 nm, λem= 560 nm) and 
quantum dots (λabs < 700 nm, λem = 850 nm) were excited by a single laser source at 532 nm. 
Two emissions were monitored: one at 560 nm resulting from the fluorescent spheres and 
another at 810 nm associated with the quantum dots. Because these nanoparticles have much 
brighter signals than organic fluorophores, any cross-talk or signal leaking, if present, can be 
monitored with high sensitivity. 
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In order to check for spectral leakage into the 810 nm channel, a microsphere sample of 1.56 
× 105 particles/ml was injected into the capillary while simultaneously collecting photon burst 
signals in both color channels. Figure 3.31a shows photon bursts generated for single 
microspheres entering the probe volume obtained on the 560 nm detection channel (top). Even 
though strong photon burst signals were observed on the 560 nm channel, no cross-talk signals 
were observed in the 810 nm detection channel (bottom, multiplied by -1 for clear distinction 
from 532 nm channel). To check the other channel for spectral leakage, the quantum dot sample 
was introduced into the capillary and signals on both color channels were monitored. As can be 
seen in Figure 3.31b, the quantum dots produced distinctive photon bursts only in the 810 nm 
detection channel with no observable signal in the 560 nm detection channel. 
3.3.1.5 Analysis of Cross-correlation Functions  
For initial testing of the two-color FCCS system, the fluorescent spheres and quantum dots 
were mixed and injected into the sampling capillary. Figure 3.31c shows photon burst data for 
this mixture at the two monitored wavelengths (top for 560 nm and bottom for 810 nm). As can 
be seen in the trace data, the bursts appeared to be non-correlated in time, indicating that they do 
not associate and were independent (number of coincident events exceeding a threshold of 
20,000 counts = 0 for 20 s). 
Since these bright particles move independently from each other simulating the separated 
non-interacting fluorophores, there will be no specific cross-correlation signals. The independent 
transport of these two particles was also verified by calculating the cross-correlation function 
(see Figure 3.31d) using the equation Gc(τ) (2), which averages the arrival times over all events 
occurring within the data stream for 20 sec and thus, is a sensitive indicator of correlated signals. 
In the analysis of cross-correlation function, I1 and I2 were fluorescence intensities in the 
fluorescent spheres (560 nm) and quantum dots (810 nm) detection channels. 
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Inspection of Figure 3.31d indicated the absence of any cross-correlation signal even for 
these bright particles, which would result from spectral leakage into inappropriate color channels. 
Based on Poisson probability statistics,40 the probability of spheres using a particle concentration 
of 8.6 × 104 particles/ml in the probe volume (~0.6 pl) was ~0.005% and the probability 
(concentration = 1.0 × 10-9 mg/ml) of quantum dots was ~0.89%. The coincidence probability of 
the two nanoparticles was therefore 4.5 × 10-5% indicating low probability of both particles 
simultaneously residing within the probe volume. However, when the coincidence probability 
(0.0825%) of the two nanoparticles was increased simply by increasing the concentration of 
these particles, an observable cross-correlation function was found between the two color 
channels as shown in Figure 3.31e (see also Figure 3.32 for the raw data streams). For this 
measurement, the probability of spheres (1.72 × 107 particles/ml) in the probe volume (~0.6 pl) 
was ~1% and the probability (1.0 × 10-8 mg/ml) of quantum dots was ~8.25%.  
3.3.1.6 The Number of Expected Single Molecule Fluorescence Events  
The number of expected single molecule fluorescence events can be calculated using the 
following equation;  
Nev = (2PvvT)/(πω0)  (3.4) 
where v is the linear velocity, Pv is the probability of a fluorescent molecule occupying the probe 
volume, T is the collection time, and ω0 is the 1/e2 beam waist.37 The probe volume size was 
determined from the average transit time, τt, of fluorescent entities moving through the probe 
volume. The transit time could be estimated from an autocorrelation analysis of the single 
molecule data stream.41 The 1/e2 beam radius (ω0) was determined from the transit time (0.1 ms) 
of fluorescent particles moving through the probe volume with the volumetric flow rate used in 
the experiment (linear velocity, v, was 3.39 cm/s based on the cross sectional area of the 
capillary tube and the input volumetric flow rate) using the equation, τt = (πω0)/2v and yielded a 
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value of 2.1 µm for the beam waist (ωo).41 The effective probe volume, V, could be calculated 
using, V=π3/2ω02z0, where zo is the confocal length (half-depth of focus of the relay objective).42 
An upper limit for the effective probe volume was determined to be ~0.6 pL if it was assumed 
that zo = 25 µm (radius of capillary tube, because a pinhole was not used in the secondary image 
plane of the relay objective). 
 
Figure 3.32 Raw data streams of the two nanoparticles at high coincidence probability (~3.6%) 
that was collected for 1 s and (b) a zoomed-in view (0.2 s) of the data stream. The two 
nanoparticles were often present in the same excitation volume. 
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The probability (Pv) of a fluorescent molecule occupying the probe volume can be calculated 
using the following equation;   
Pv =CNAP (3.5) 
where C is the concentration (mol l-1), NA is Avogadro’s number, and P is the probe volume 
(L).37 Using the equation 3.4, the single particle occupancy probability was determined to be 
~2.7 x 10-4 for a concentration of 4.5 × 105 particles ml-1. If one operates in a regime of Pv < 0.1, 
the double occupancy probability is <1.0% and thus, the data stream is dominated by single 
events. With a particle concentration of 4.5 × 105 particles ml-1, we would expect ~3 particle 
events/s, which was determined from equations (3.4) and (3.5). The observed number of events 
above the threshold level (20,000, see Figure 3.22 for determination of the threshold condition) 
from a particle sample were ~2 for a particle concentration of 4.5 × 105 particles ml-1 and ~17 for 
a concentration of 3.6 × 106 particles ml-1. 
3.4 Conclusions 
A cross-talk free dual color FCCS instrument using excitation of two fluorophores at 532 nm 
and 780 nm spectrally separated by ~250 nm was custom built and demonstrated by monitoring 
the fluorescence signals on the two detection channels centered at 560 nm and 810 nm. 
Characterization experiments using bright fluorescent spheres and quantum dots indicated no 
cross-talk of signals or FRET between the two color channels due to the large spectral 
differences in their absorption and emission maxima.  
Characterization experiments such as concentration changes, flow rate changes, and the 
effect of applied volumetric flow rates on transit time calculation were also performed. In 
addition, the custom-built system was evaluated by performing auto-correlation analysis and 
cross-correlation analysis which were well matched with experimental data. Comparing with the 
previously reported cross-talk free measurements with AOTFs, the two excitation laser beams 
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was not separated in time (i.e., alternating excitation) within this FCCS system and thus 
synchronization processing of the two fluorescent signals which was required in the switching 
AOTF-FCCS system was unnecessary. Furthermore, the counting electronics for each color 
channel were configured so as to process photon bursts with a time resolution of 12.5 ns (80 
MHz) without losing any signal compared to the cross-talk free FCCS, which uses the switching 
method driven by a 50-kHz AOTF frequency, which lose signals every 20 µs requiring 
additional data post-processing.32  
The FCCS configuration scheme reported herein eliminated the need for post data post-
processing by removing cross-talk between 560-nm detection channel and 810-nm detection 
channel and FRET which can provide near real-time readout with the only sample pre-processing 
requirement being an enzymatic incubation step. 
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CHAPTER 4 CROSS-TALK-FREE DUAL-COLOR FLUORESCENCE CROSS-
CORRELATION SPECTROSCOPY (FCCS) FOR THE STUDY OF ENZYME ACTIVITY3 
 
4.1 Introduction 
4.1.1 Cross-Talk-Free Dual-color FCCS System Using Cy3 and IRD800 
An instrument for spectral cross-talk-free dual-color fluorescence cross-correlation spectroscopy 
(FCCS), which provides a readout modality for the study of enzyme activity in application areas 
such as high throughput screening, was developed as discussed in Chapter 3. Two spectrally 
separate (~250 nm) fluorophores, Cy3 (λabs = 532 nm, λem= 560 nm) and IRD800 (λabs = 780 nm, 
λem= 810 nm), were excited using two different excitation sources; one poised at 532 nm and the 
other at 780 nm as shown in Figure 4.1. 
 
Figure 4.1 Normalized absorption (solid line) and emission (dashed line) spectra of a Cy3-
labeled oligonucleotide and absorption (dotted line) and emission (dash-dotted line) spectra of an 
IRD800-labeled oligonucleotide. The pass band of the filters used for each color channel is 
shown as well. 
                                                 
3 Reproduced in part with Permission from Lee, W.B.; Lee, Y.I.; Lee,J.H.; Davis, L.M.; Deininger, P.; Soper, S.A. 
Anal. Chem., 2010, 82(4), 1401 - 1410. DOI: 10.1021/ac9024768, Copyright 2010 American Chemical Society." 
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The fluorescence information was processed on two different color channels monitored with 
single photon avalanche diodes (SPADs). The system provided no color cross-talk (cross-
excitation and/or cross-emission) between the color channels, significantly improving data 
quality. Despite the broad excitation/emission profiles of the dye pair, experimental results 
indicated that no color leakage from the Cy3 or IRD800 into inappropriate color channels was 
observed due to the spectral separation of 250 nm.  To demonstrate the utility of the system, the 
enzymatic activity of APE1, which is responsible for the breaking of the phosphodiester 
backbone in DNA on the 5′ side of an apurinic/apyrimidinic site, was monitored by FCCS using 
a double-stranded DNA substrate that was dual labeled with Cy3 and IRD800.  Activity of APE1 
was also monitored in the presence of an inhibitor (7-nitroindole-2-carboxylic acid) of the 
enzyme using this cross-talk free FCCS platform. 
 
Figure 4.2 Schematic representation of a normal basic site (box in dotted line) in DNA (a), and 
an abasic (apurinic/apyrimidinic) site in DNA (b). 
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4.1.2 The Importance of the  Base Excision Repair (BER) 
In principle, modification and loss of DNA bases can impair genetic integrity in the process 
of the “central dogma of molecular biology” (DNA to RNA, transcription, RNA to Protein , 
translation).1-2 Multiple biological pathways and consequences dealing with AP sites can be 
found in the Figure 4.4. In reality, the importance of the Base excision repair was demonstrated 
by the lethality of mouse knockout (homozygous mutant mice lacking a functional ape1/ref-1 
gene die during embryonic development) using RNA interference or siRNA methodology.3  
 
 
Figure 4.3 The biological pathways and consequences of AP sites. Reprinted with permission 
(Boiteux et al.10).  
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Figure 4.4 Mechanisms of DNA ligase in the Pathway of Base Excision repair. Reprinted with 
permission (Lehman 4). 
 
4.1.3 Conventional Assay Methods for the Study of AP Endonuclease Activity 
In general, inhibition of AP endonuclease activities has been monitored and analyzed by gel 
electrophoresis on an 18% denaturing polyacrylamide gel with 5’-32P-end labeling or fluorescence-
based signal measurements as summarized in Table 4.1 (see also Figure 4.5 and Figure 4.6).5-8 
Although the activity of APE1 in the BER pathways is important for preventing mutation or lethality 
of a cell, the assay methods currently employed did not provide sensitive and rapid monitoring of the 
enzyme activity and were also inappropriate for high-throughput study due to the long 
electrophoresis time and required high concentration (~nM range) with low sensitive fluorescence 
detection technologies. 
To address these needs and also demonstrate the utility of the cross-talk free dual-color 
fluorescence cross-correlation spectroscopy (FCCS) we developed, the enzymatic activity of 
APE1, which is responsible for the nicking of the phosphodiester backbone in DNA on the 5′ 
side of an apurinic/apyrimidinic site, was studied by FCCS using a double-stranded DNA 
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substrate that was dual labeled with Cy3 and IRD800. Furthermore, activity of APE1 was also 
monitored in the presence of an inhibitor (7-nitroindole-2-carboxylic acid) of the enzyme using 
this cross-talk free FCCS platform. 
 
 
Figure 4.5 The 18-mer uncut substrate (lane 1) without APE1 and 8-mer APE1 cleavage product 
(lane 3) are indicated. Control sample (lane2) were tested for confirming cleavage was mediated 
by APE1. Reprinted with permission.23 
 
Figure 4.6 Fluorescence-based assay for APE1. (a), molecular design of substrate containing a 
THF abasic site mimic. The top oligonucleotides strand was labeled on the 5’-end with a FAM 
fluorophore, the bottom on the 3’-end with a dabsyl (DAB) quench. (b), upon nicking reaction on 
the THF abasic site mimic by APE1, the fluorophore (FAM) dissociates from the dabsyl 
quencher, resulting in an increase in fluorescence. (c), an approximate 6-fold increase in 
fluorescence is observed upon DNA cleavage by APE1. Reprinted with permission (Seiple et 
al.8). 
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Table 4.1 Conventional assay methods for the study of AP Endonulcease (APE1). 
Assay Method Purpose of the study Details Author (year) 
Gel Electrophoresis 
 
Dynamics of APE1 with its 
substrate and product 
5’-end-labeled 
32P, 18% 
polyacrylamide 
gel) 
Masuda et al. 
(1998)7  
Gel Electrophoresis Inhibition of APE1 activity by Lead, Iron, and Cadmium 
5’-end-labeled 
32P, 8 - 12% 
polyacrylamide 
gel 
Mcneill et al. 
(2004)5 
Fluorescence Inhibitor study on APE1 
FAM and 
DABCYL as 
donor/quencher 
Madhusudan 
et al. (2005)6 
Gel Electrophoresis Inhibitor study on APE1 
5’-end-labeled 
32P, 8 - 20% 
polyacrylamide 
gel 
Madhusudan 
et al. (2005)6 
Fluorescence Inhibition of APE1 by Arylstibonic Acids 
FAM and 
DABCYL 
Seiple et al. 
(2008)9 
 
4.2 Materials and Methods 
4.2.1 Materials 
The 5'-Cy3-labeled oligonucleotide containing an abasic site (5’-Cy3-
GCCCCCXGGGGACGTACGATATCCCGCTCC-3’, X is Tetrahydrofuran, an abasic site 
analog, M.W. = 9485.9 Da) were custom-synthesized by Midland Certified Reagent Company 
(Midland, TX) and used as received. Its complementary oligonucleotide was labeled with 
IRD800 on its 5’ end (5'-IRD800-GGAGCGGGATATCGTACGTCCCCCGGGGGC-3', M.W. = 
10152.1 Da) and was synthesized by Integrated DNA Technology (Coralville, IA). The 30 bp 
duplex oligonucleotide containing the abasic site at position 7 in the upper strand was selected so 
that the intact 30 bp duplex did not denature at room temperature, but following nicking by 
APE1 to generate a 6mer, could denature at room temperature to generate two fragments with 
each one containing the Cy3 and IRD800 fluorophores (see Figure 4.7). AP endonuclease (APE1) 
was kindly donated by Dr. P. L. Deininger (Tulane Cancer Center, LA). The APE1 inhibitor, 
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CRT0044876 (7-nitroindole-2-carboxylic acid, Figure 4.8), was purchased from Cole-Parmer 
(Vernon Hills, IL) and used after dissolving in DMSO.  
 
 
Figure 4.7 Representation of the Dual-color FCCS assay scheme for evaluating APE1 activity. 
Two synthetic, 30 nt complementary oligonucleotides containing an abasic site (tetrahydrofuran, 
THF) at position 7 in the upper strand were labeled at their 5’ ends with Cy3 and IRD800. 
 
 
Figure 4.8 Structure of apurinic/apyrimidinic endonuclease (APE1) inhibitor, CRT0044876 that 
was used as an inhibitor of APE1. 
 
The fluorescent samples were diluted with HPLC grade water in order to avoid high 
background from contaminated buffer solutions and vortexed for ~3 mins to minimize 
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aggregation effects prior to use. Unless otherwise specified, the study of APE1 enzyme activity 
was performed at 37°C in BER buffer containing 50 mM Tris (pH 8.0), 1 mM MgCl2, 50 mM 
NaCl and 2 mM dithiothreitol (DTT). The fluorescence of each oligonucleotide sample (Cy3-
labeled oligonucleotide sample only and IRD800-labeled oligonucleotide only) in the BER 
buffer can be found Figure 4.9 and Figure 4.10.  
 
Figure 4.9 Fluorescence spectra of Cy3-labeled oligonucleotides only sample using exciation at 
532 nm (5’-Cy3-GCCCCCXGGGGACGTACGATATCCCGCTCC-3’, X is Tetrahydrofuran, an 
abasic site analog, M.W. = 9485.9 Da). 
 
Figure 4.10 Fluorescence spectra of IRD800-labeled oligonucleotides only (5'-IRD800-
GGAGCGGGATATCGTACGTCCCCCGGGGGC-3', M.W. = 10152.1 Da). 
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4.2.2 MALDI Analysis of the Enzymatic Products of the APE1 Nicking Reaction 
A 75 mg/mL solution of 3-hydroxy-picolinic acid (3-HPA) was prepared in 50% acetonitrile 
to serve as a MALDI matrix. Sample spots on a MALDI target plate were made by combining 1 
μL of a sample solution at 10 µM with 2 μL of the matrix. Mass spectra of the enzyme reactions 
were recorded on a Bruker ProFLEX MALDI-TOF mass spectrometer (Bruker Daltonik, Bremen, 
Germany) operated in a linear mode with a pulsed nitrogen laser (337 nm, pulse frequency, 2 Hz). 
The total acceleration voltage was 20 kV. Negative ions were detected and approximately 100 
single-shot spectra were acquired for each sample spot. Data processing was performed with 
XMASS 5.0 provided by the mass spectrometer manufacturer. 
4.3 Results and Discussion 
4.3.1 Cross-excitation and/or Cross-emission 
Most organic dyes have broad excitation/emission envelopes that can create a situation in 
which crosstalk (=cross-excitation or cross-emission) (see Figure 4.11) and FRET are present, 
which is a typical problem in most FCCS studies requiring additional control measurements and 
post-mathematical processing of the data to minimize “false positives” results.10-13 In the next set 
of experiments, we sought to verify the extent of cross-talk and/or FRET for two fluorescent 
organic dyes as opposed to fluorescent spheres or quantum dots, which typically have narrower 
emission spectra compared to organic dyes. Two different fluorophores (Cy3 and IRD800) were 
identified as possible candidates due to their characteristic fluorescence wavelengths matching 
the selected observation wavelengths (560 nm and 810 nm) of our system. Both excitation 
wavelengths (532 nm and 780 nm) were made colinear and directed into the capillary and that 
was filled with a dsDNA oligonucleotide labeled with Cy3 and IRD800 on their respective 5’ 
ends with the emission monitored simultaneously in both color channels. 
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elimination of cross-talk and FRET in this FCCS scheme, one of the excitation lasers was simply 
switched off at ~10 s during the measurement (see Figure 4.13 and Figure 4.14). Figure 4.13 
shows the resulting response produced by switching off the 780 nm excitation laser ~10 s into 
the measurement. As can be seen from Figure 4.14, only the Cy3 fluorescence was observed in 
the 560 nm detection channel (top) with no apparent signal seen in the 810 nm detection channel 
(bottom), indicative of no cross-excitation of IRD800 by the 532 nm laser nor cross-emission of 
the Cy3 fluorescence into this channel. Furthermore, due to the large differences (~250 nm) of 
spectral overlap between donor emission and acceptor emission, photon events on the 810 
detection channel which would result from FRET were not also observed, at least up to the 
concentration ranges (tested up to 100 pM, data not shown). As it is not allowed due to the 
energetic reasons,14 inspection of the 560 nm detection channel response when the 532 nm beam 
was switched off at ~10 s into the run indicated no cross-emission of signal from IRD800 into 
the 560 nm detection channel and also, no cross-excitation of Cy3 by the 780 nm excitation 
source (see Figure 4.14). Figure 4.15a shows the auto-correlation and cross-correlation functions 
when a Cy3-labeled ssDNA sample was injected into the system showing that no auto-
correlation could be seen in the 810 nm detection channel. When an IRD800-labeled ssDNA 
sample was analyzed, no correlation in the autocorrelation function for the 560 nm detection 
channel was observed, as can be seen in Figure 4.15b. 
4.3.2 Measurement of APE1 Activity Using Dual-color FCCS 
As a model for the utility of the dual-color FCCS instrument for monitoring enzyme activity, 
a dsDNA substrate having an abasic site was employed as a substrate for APE1. The activity of 
APE1 against AP sites, which are a major form of DNA damage resulting from hydrolysis of the 
N-glycosylic bond on dsDNA, has been well studied.16-17 dsDNA substrates were formed by 
annealing two synthetic 30 nt complementary oligonucleotides labeled with Cy3 and IRD800. 
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Figure 4.12 (a) Single molecule data streams for the duplex DNA substrate labeled with Cy3 
(positive trace) and IRD800 (negative trace) at 1.0 µL/min when incubated with APE1 (b) 
a zoomed-in view (1 s) of the data stream. 
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Figure 4.13 (a) Single molecule data streams for the duplex DNA substrate labeled with Cy3 
(positive trace) and IRD800 (negative trace) at 1.0 µL/min when incubated with APE1. During 
the measurement, the 780 nm laser was switched off at ~10 s into the data stream. (b) a zoomed-
in view (3 s) of the data stream. 
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Figure 4.14 (a) Single molecule data streams for the duplex DNA substrate labeled with Cy3 
(positive trace) and IRD800 (negative trace) at 1.0 µL/min when incubated with APE1. During 
the measurement, the 532 nm laser was switched off at ~10 s into the data stream. (b) a zoomed-
in view (3 s) of the data stream. 
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Figure 4.15 (a) Plots of the autocorrelation functions and a cross-correlation function for the 
Cy3-labeled ssDNA only. (b) Plots of the autocorrelation functions and a cross-correlation 
function for an IRD800-labeled ssDNA only. 
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APE1 will nick the dsDNA into a smaller fragment that will melt due to its lower Tm into a 
single-stranded DNA fragment that carries one of the fluorescent labels resulting in an increase 
in the number of non-coincident events. The oligonucleotides were hybridized at 0.3 pM in a 
BER reaction buffer. A series of solutions containing the hybridized duplexes were prepared by 
adding APE1 enzyme (1 nM) and in some cases, an inhibitor (2 mM) as well.  
The reaction mixtures were incubated at 37°C for 30 mins and a FCCS analysis was initiated 
by pumping the reaction mixtures through the capillary and after through the excitation laser 
beams. As can be seen in Figure 4.16, the amplitude of the cross-correlation function in the 
absence of APE1 was reduced when APE1 was added to the reaction mixture indicating nicking 
of the dsDNA substrate by APE1 (see Figure 4.17 for the raw single molecule data streams). 
When the inhibitor CRT0044876 was also included in a sample with APE1 enzyme, the 
amplitude of the cross-correlation function was partially recovered representing decreased 
activity of the APE1 enzyme. The pristine dsDNA substrate and nicked dsDNA substrate by 
APE1 were also effectively distinguished by the distinct difference in the number of coincident 
photon events on Cy3 and IRD800 detection channels (see Figure 4.18).  
As expected from the previous experimental results on crosstalk and/or FRET, no coincident 
events which would result from spectral crosstalk were found when Cy3 sample or IRD800 
sample was injected while two excitation sources and two detectors were on, as shown in Figure 
4.12. If there were coincident events when Cy3 or IRD800 sample was injected, mathematical 
corrections must be performed to minimize the false positives as in previous FCCS schemes.13-14 
Since there was no crosstalk between the two channels, the required mathematical corrections for 
the crosstalk with “negative control” experiments were unnecessary for these measurements. 
Although crosstalk influence can be corrected quantitatively,13-14 the corrections are rather 
provisional, complex, and  time-consuming. 
112 
 
 
Figure 4.16 Fluorescence cross-correlation functions of various combinations of samples 
showing the activity of APE1 in the presence and absence of a known inhibitor. The duplex at 
0.3 pM in the BER reaction buffer were prepared by adding APE1 enzyme (1 nM) and/or 
inhibitor (2 mM) and then incubated for 30 min at 37°C prior to the FCCS measurements. The 
data were fit by a Levenberg-Marquardt nonlinear least square method. 
 
For example, to compensate for the crosstalk influence in the cross-correlation function, relevant 
parameters such as bleed-through ratio and relative count rate should be defined through a series 
of negative control experiments.13-14  
The experimental results also indicated that the dsDNA containing an AP nicking site was 
successfully denatured by heating due to the decreased thermodynamic stability in the presence 
of APE1 compared to the case when no APE1 was present due to differences in their Tm’s (Tm, 
nicked 6-mer ~ -2.6°C, Tm, nicked 24-mer ~ 71.6°C, and Tm, intact 30-mer ~ 78.7°C) as calculated by the 
DINAMelt Software (see Figure 4.19).18 
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Figure 4.17 Single molecule data streams for the duplex DNA substrate labeled with Cy3 
(positive trace) and IRD800 (negative trace) at 1.0 µL/min when incubated with APE1. 
 
Figure 4.18 Comparison of number of coincident events (n = 4) during the 20 s acquisition time. 
The inhibitor, CRT0044876, was added to APE1 enzyme. 
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Figure 4.19 Theoretical melting curves for the 6-mer complementary oligonucleotides and 30-
mer complementary oligonucleotides. (Calculated using the DINAMelt Software 
(http://www.bioinfo.rpi.edu/applications/hybrid/hybrid2.php)). 
 
4.3.3 MALDI Analysis of the Enzyme Products by APE1 
To confirm that APE1 nicked the appropriate AP site, the 6-mer (2219.7 Da) and 24-mer 
(7266.2 Da) APE1 products were analyzed by matrix-assisted laser desorption ionization time-
of-flight mass spectroscopy (MALDI-TOF MS) in negative-ion mode. As shown in Figure 4.22, 
a matrix was required to yield high quality DNA MALDI results; 3-hydroxypicolinic acid (3-
HPA) was chosen due to its demonstrated utility for DNA analysis.19 The 6-mer and 24-mer 
APE1 nicked products were confirmed by comparing the MALDI mass spectrum of pristine 
Cy3-labeled oligonucleotide sample as shown in Figure 4.21. The three major signals observed 
in the spectrum corresponded to singly and doubly charged ions of the 24-mer (7.3 kDa and 3.6 
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kDa), and singly charged ions of the 6-mer (2.2 kDa) that arise from the nicking of APE1 at the 
abasic site, which occurs at position 7 in the upper strand. 
 
Figure 4.20 The chemical structures of six commonly used matrix materials are shown. The top 
three compounds are most often used for the MALDI analysis of proteins; the bottom three 
compounds have proved especially useful in the analysis of nucleic acids.20 
 
The mass spectrum of a pristine Cy3-labeled or IRD800-labeled 30-mer oligonucleotide 
sample without APE1 is also shown in Figure 4.21. Although poorly resolved, weak high-mass 
shoulders associated with each of the major peaks which are common in DNA analysis due to the 
formation of an analyte-matrix adduct,21 it was confirmed that AP endonuclease nicked the 
accurate AP site without breaking other phosphodiester bonds in the substrate as designed. 
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4.3.4 Theoretical Considerations of Throughput 
High sampling throughput is extremely important in drug discovery applications, where 
elements from a combinatorial library, which can consist of >1 x 106 elements, must be sampled 
rapidly as to their efficacy in potentially perturbing the activity of the target enzyme. For flow-
based SMD experiments in which the single molecules are hydrodynamically transported 
through the probe (sampling) volume, the sampling throughput (ST) can be calculated from;22-23  
ST = (SE) (DE) (DR) (DC)  (4.1) 
where SE represents the percentage of molecules that are sampled during the experimental run, 
DE is the detection efficiency, DC is the duty cycle, and DR is the delivery rate of molecules into 
the probe volume. DR can be calculated from; 
DR = FvCb (4.2) 
where Fv represents the volume flow rate (cm3 s-1) and Cb is the molecular concentration 
(molecules cm-3). DE is basically the percentage of molecules detected above a threshold value, 
which is selected to minimize the number of false positives generated during the experiment. For 
the present experiment, DR was determined to be 1.2 × 104 molecules s-1 using a 0.3 pM 
concentration and 4 µl/min volume flow rate. Assuming SE = 1 and DE = 0.28, a ST of our 
single channel system was estimated to be 3,360 molecules s-1.  
To significantly increase the ST of the present system, a highly parallel format of fluidic conduits 
imaged using a sensitive CCD can be employed. For example, Emory et al.23 increased the ST of 
single-molecule measurements using a CCD operated in a time-delayed integration mode. 
Recently, Okagbare et al.22 howed that a single-molecule imaging system using a 40X, 0.75 
objective (field-of-view = 200 μm) could successfully image 5 channels (width = 30 μm; pitch = 
25 μm) in parallel and provide the necessary signal-to-noise ratio to see single-molecule 
fluorescence. The use of fluidic channels with dimensions near the diffraction limit (~350 nm) 
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would provide the ability to image simultaneously ~286 different experiments in the 40X 
microscope’s field-of-view. Using this arrangement and the single channel throughput noted 
above, a sampling throughput put of 9.6 x 105 s-1 could be realized. 
4.4 Conclusions 
A cross-talk free dual color FCCS instrument using excitation of two fluorophores 
(Cy3/IRD800) with emission maxima separated by ~250 nm was demonstrated by monitoring 
the enzyme activity of APE1 using a dsDNA substrate having an abasic site that was also labeled 
with Cy3 and IRD800. Signal leakage of fluorescent organic dye molecules into inappropriate 
detection channels was not observed in spite of their characteristic broad excitation/emission 
profiles. Therefore, mathematical corrections and a series of negative control experiments, which 
are typically required to correct the impaired data from the problems of spectral cross-talk and 
FRET, were unnecessary. Therefore, FCCS schemes reported herein that obviate the need for 
“negative control” experiments can reduce assay turn-around time and also, increases quality and 
sensitivity of the measurement resulting in the improved reliability of coincident data. 
The feasibility of this FCCS system was demonstrated not only by comparing the relative 
amplitudes of the cross-correlation functions through the nicking of a dsDNA substrate at AP 
sites by APE1, with and without CRT0044876, a known inhibitor of APE1, but also by counting 
the number of coincident photon events. The ability of APE1 to incise AP sites in the BER 
pathway was studied without the need for gel electrophoresis which is a popular assay method 
requiring longer assay time to confirm the enzyme activity through nicked products.6, 24  
The FCCS configuration reported herein eliminated the need for post data post-processing by 
removing cross-talk (cross-excitation/cross-emission) and FRET which can provide near real-
time readout with the only sample pre-processing requirement being an enzymatic incubation 
step. While the current FCCS measurements used a 30 min incubation step, this incubation time 
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can be significantly reduced using small reaction volumes (i.e., lower diffusional distances), 
reduced dispersion, and/or rapid mixing, such as those typically employed in many microfluidic 
platforms with multiphase flows.25-27  
Furthermore, in many high throughput applications for drug discovery, multiple potential 
target inhibitors must be simultaneously analyzed.  Therefore, the FCCS system with single-
molecule sensitivity reported herein can be configured using microfluidics to perform 
multiplexed measurements in which many drug candidates can be simultaneously analyzed in 
near real-time similar to the cartridge-based screening format.28 The current instrument and assay 
strategy will find important applications in high throughput screening assays.  
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CHAPTER 5 LIQUID-LIQUID SEGMENTED FLOWS IN POLYMER MICROFLUIDIC 
CHANNELS FOR HIGH THROUGHPUT STUDIES OF ENZYME ACTIVITY USING 
DUAL-COLOR FLUORESCENCE CROSS-CORRELATION SPECTROSCOPY (FCCS) 
 
5.1 Introduction 
5.1.1 Microfluidics 
Miniaturized total analysis system (µ-TAS) or lab-on-a-chip (LOC) technologies have 
continued to advance rapidly since their first report by Manz and Harrison in the early 1990’s.1 
Because significant reduction in the channel sizes lowers the analysis cost by increasing the 
analysis speed and also, reducing the amount of sample consumed, lab-on-a-chip systems that 
can process biochemical samples in closed architectures are widely being used in various fields 
of research, such as cancer cell counting/enumeration,2 single-molecule analysis with 
multichannel systems for high throughput applications,3-4 DNA amplification,5 DNA 
sequencing,6 mass spectrometry-based proteomics,7-8 and so on.1, 9-10 
Microfluidic (microchip) devices appear to be ideal platforms for developing new 
ultrasensitive analysis for several reasons. They provide a high degree of functionality in that 
many processes can be integrated into a microfluidic device simplifying routine operations and 
eliminating sample carry-over or sample cross contamination. For example, the devices can be 
integrated and combine both electrical and mechanical components such as valves, pumps, and 
other tools for fluidic manipulation.9, 11 The miniaturized systems also allow enhanced reaction 
speed due to their high surface-to-volume ratios and efficient thermal management capabilities 
(increased heat and mass transfer).12-13 Besides, mass production of low-cost devices is also 
possible due to the use of conventional and highly accessible polymeric materials and the reliable 
replication techniques that can be used to generate such devices.14 More importantly, high 
sampling rates can be achieved through reduced analysis times and the possible parallelization of 
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the processing units to form multi-channel microfluidic chips,4 which are required for ultra-high-
throughput screening of combinatorial libraries for drug discovery (uHTS).  
 
Figure 5.1 Schematic comparison of a reaction A+B conducted: (a) In a standard pressure driven 
single-phase microfluidic system device; and (b) in a multi-phase (water-in-oil) microfluidic 
device. (a) Reaction time t ≠ d/U. (b) Reaction time t = d/U. Two reagent streams (red A and 
blue B) can form laminar streams separated by a gray “divider” aqueous stream in a 
microchannel. When the three streams enter the channel with a flowing immiscible fluid (oil), 
they form droplets or plugs. The three streams are rapidly mixed by internal recirculation 
flowing through channels of different geometries as shown by arrows. Reprinted with 
permission.15 
 
5.1.2 Multiple-phase Flow Microfluidics 
The time that fluids travel through microchannels defining a reactor volume can be regarded 
as the reaction time and is defined by the formula, t=d/U, where t (s) is the travel time through 
the channel, d (m) is the distance moved through the reactor channel, and U (m s-1) is the linear 
flow velocity. However, flow in microfluidic channels is laminar, which is a consequence  of the 
low values of the Reynolds number, Re (~0.01-100).15-16 Laminar flows makes it difficult to 
implement the distance-to-reaction time transformation in microfluidic devices due to slow 
mixing and high dispersion. When Re < 1,000, mixing of reagents occurs only by diffusion with 
no turbulence as shown in Figure 5.1 and summarized in Table 5.1.17 To generate turbulent flow 
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through microchannels (~µm) to enhance mixing rates, high flow rates (~ 10 m s-1) should be 
used to achieve the desired Reynolds number (Re > 2,000). Unfortunately, the use of high flow 
rates reduces the residence times or reaction times within a fixed reaction volume, making this 
approach somewhat impractical. Generating such high flow velocities requires produces 
increased sample consumption (~ 1 mL s-1) as well as high pressure drops within the fluidic chip 
causing high rates of device failure. Moreover, the fluid must travel impractical distances (~10 m) 
to ensure complete homogeneity of the reagents.18  
Table 5.1 Orders of magnitude of number of molecules in different volume and diffusion time. 
Reprinted with permission.19 
Sample volume Device Size (µm) 
Number of 
molecules in the 
volume (1 µM) 
Time (s) 
milliter (ml) cuvette 10000 6 × 1014 104 
microliter (µl) plate well 1000 6 × 1011 102 
nanaoliter (nl) microfabrication 100 6 × 108 1 
picoliter (pl) typical cell 10 6 × 105 10-2 
femtoliter (fl) confocal volume 1 6 × 102 10-4 
attoliter (al) nanofabrication 0.1 6 × 10-1 10-6 
 
Slow mixing of laminar reagent streams through microchannels also introduces a high degree 
of uncertainty to the starting time of the reaction.20 Mixing that occurs purely by diffusion is too 
slow for many applications required by microfluidic systems, including high throughput analysis 
and kinetic measurements, where measurement time is critical. 
Recently, enhanced mixing by flow segmentation as a method to induce recirculatory flows 
was observed in discrete nanoliter droplets through enclosed channels21 as illustrated in Figure 
5.2 and this has been applied to microfluidic systems for immiscible gas-liquid22-25 and liquid-
liquid16, 26-27 (oil-in-water and water-in-oil) flows. Reagents isolated within droplets that are 
called segmented fluids flow through winding channels and can be mixed on sub-millisecond 
time scales by chaotic advection.28  
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Segmented fluids having volumes between about 100 and a few nanoliters can be distributed 
into several flow patterns (bubbly, wedging, slug, annular, and dry flows) with high accuracy and 
high reproducibility of segments of volumes depending on the liquid and gas flow rates and fluid 
and channel properties.29-30 Control over their size, size distribution, volume fraction in the 
carrier, and frequency of segmented flows has been well studied.30-32 Gas-liquid flows have been 
studied for micro-heat exchangers33 as well as chemical reactions of gases and liquids, such as 
selective direct fluorination of aromatics.34 Bubbles, droplets, and plugs in microfluidic systems 
have also been applied to on-chip separations,35 multi-step synthesis of nanoparticles (CdS and 
CdS/CdSe),21 crystallization of membrane proteins,36 and polymerase chain reactions.37 To 
perform multi-step, time-controlled biochemical reactions within these multi-phase microfluidic 
systems, extensive efforts have been made to merge one stream of droplets with a second stream 
of droplets at a junction through microchannels.21, 38-39 
The controlled generation of highly regular droplets or bubbles and segment distances in 
association with the ability to manipulate droplets by splitting, merging, and breakup offers a 
way to treat individual nanoliter droplets moving through microchannels as an independent 
reaction container.15, 39 For example, Zheng and co-workers studied a microfluidic system for 
screening of hundreds of protein crystallization conditions using less than 4 nL of protein 
solutions, precipitants, and additives in different ratios for each crystallization trial.39 
Because each droplet can serve as an independent bioreactor, two-phase flows are an excellent 
candidate for HTS applications for drug discovery, especially when integrated with ultra-
sensitive fluorescence detection (see Figure 5.2). Because laser-induced fluorescence scales well 
with size, ultra-small probing volumes can be generated to interrogate the contents of a single 
reactor droplet to monitor enzyme activity with high analytical sensitivity. Immiscible two-phase 
(liquid-liquid) flows in microchannels enable information-content-rich biochemical reactions in 
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The applications made possible by utilizing droplets also depend critically on the availability 
of sensitive readout methodologies.43 Because the small amounts of target are contained in ultra 
small-volume droplets, few analytical detection systems can be used due to their inability to 
interrogate dynamically the droplets over short time periods and the low mass sensitivity they 
possess. For example, NMR44 and most common modes of electrochemistry do not provide 
sufficient limits-of-detection to interface with femtoliter-volume droplets.43 Mass spectrometry 
(MS) is a high-information-content measurement technique and has been used to profile the 
peptides and proteins from single-cell and organelle samples. Recently, Pei and co-workers 
found that nanoliter plugs of sample separated by air or oil could be analyzed by electrospray 
ionization mass spectrometry when pumped directly into a fused silica nanospray emitter tip. 
Detection limits were 1 nM for leucine-enkephalin. Sample analysis rates of 0.8 Hz were 
achieved by pumping 13 nL samples separated by 3 mm long air gaps in a 75 μm inner diameter 
tube. Analysis rates (0.8 Hz) were limited by the scan time of the ion trap mass spectrometer. 
Clausell-Tormos and coworkers measured fluorescence intensity from individual droplets 
containing HEK293T cells at a rate of 500 Hz using a photomultiplier tube (PMT).45 Gadd and 
co-workers utilized FCS (fluorescence correlation spectroscopy) to size subcellular organelles 
and nanoparticles based on fluorescence detection of small intensity bursts from particles or 
molecules diffusing through the confocal probe volume within picoliter volume aqueous droplets 
(see Figure 5.5).46 In this application, a pipet was used to transfer ~100 µL of oil/water mixture 
onto glass. After ~3 min, all of the droplets settled and adsorbed to the coverslip leaving a 
droplet container. 
However, for high–throughput screening applications, the droplets must be generated 
sequentially at high speed as a moving object resulting in losing the information on the diffusion 
coefficient of a target molecule from the detected fluorescence. Therefore, FCS scheme in Figure 
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be used to monitor enzyme activity by measuring the modifications invoked on the substrate 
changing the number of coincident events, even in the case when the sample is moving. 
Although the information on bioreactions, such as enzyme cleavage events, in a moving droplet 
is a challenge to obtain, droplets loaded with substrates and enzymes as well as enzyme 
inhibitors can be interrogated by coincident signal fluctuations on FCCS to determine the effects 
of an inhibitor on an enzyme.  
Hence, we have designed and built a polymer-based microfluidic system for the real-time 
monitoring of enzyme activity by combining liquid-liquid two-phase flow with FCCS. Aqueous 
sample droplets were generated in a perfluorocarbon (FC-3283) carrier fluid with a nonionic 
fluorous-soluble surfactant (perfluorooctanol, 10% v/v) in a polymer microchip operating in the 
capillary two-phase flow regime. The optical system was used to monitor controlled generation 
of highly regular droplets loaded with fluorescent beads at delivery rates ranging from 40 - 60 
droplets s-1. Stable two-phase flow was promoted by rendering the walls of the microfluidic 
channel hydrophobic. 
5.2 Materials and Methods 
5.2.1 Materials 
5.2.1.1 Microfluidic Chip Fabrication  
All polymer microfluidic chips (polycarbonate, PC, polymethyl methacrylate, PMMA, and 
cyclic olefin copolymers, COC) were replicated by hot embossing with micro-milled brass mold 
inserts.13, 49-50 The thermoforming of polymer microfluidic chips enabled rapid production of 
multiple copies with high fidelity. Previous work showed that the root mean square (RMS) 
surface roughness of the fabricated channel walls ranged from 200 to 400 nm giving a relative 
roughness on the order of 0.0019 with respect to the hydraulic diameter.49 A mold insert with the 
fluidic features was micromachined on a 4.75” diameter brass substrate (Alloy 353, McMaster-  
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Figure 5.6 A micro-milled brass mold insert (4.75"). 
  
Figure 5.7 Image of PMMA chips connected with capillary tubes to inlets for water and oil 
injection and one outlet. Capillary tubes with a 178 µm inner diameter were connected to 
mechanically drilled holes with epoxy. 
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Carr, Atlanta, GA; see Figure 5.6) using a micro-milling machine (KERN MMP 2522, KERN 
Micro- und Feinwerktechnik GmbH, Murnau-Westried, Germany). 
The brass mold insert was used to thermoform multiple chips in PC, PMMA, and COC 
sheets using hot embossing (HEX02, JENOPTIK Mikrotechnik, Jena, Germany). Polycarbonate 
(PC) films were purchased from SABIC polymer shapes, New Orleans, LA. PMMA sheets (GE 
EXAN 9034) were 2.36 mm thick and were obtained from Modern Plastics, Bridgeport, CT. 
PMMA films were purchased from Goodfellow, Oakdale, PA. COC films were purchased from 
Topas, Florence, KY. FC-3283, perfluorotripropylamine, was obtained from 3M Corporation, St-
Paul, MN. Capillary tubes with a 178 µm inner diameter (1577-12X, PEEK tube, Upchurch 
Scientific Inc., Oak Harbor, WA) were connected to mechanically drilled holes at the inlet and 
outlet reservoirs and were sealed with epoxy (5-minute epoxy, Devcon, Danvers, MA) (see 
Figure 5.7).  
5.2.1.2 Reagents and Samples 
Fluorescent samples used as the dispersed phase (i.e., droplets) were diluted with HPLC 
grade water in order to avoid high background from contaminated buffer solutions. 1H, 1H, 2H, 
2H-Perfluorooctanol, 97% was obtained from Alfa Aesar, WardHill, MA and dichloromethane 
was obtained from Sigma-Aldrich. Perfluorocarbon perfluorotripropylamine, FC-3283 (3M, St. 
Paul, MN) with 10% (v/v) nonionic fluoro-soluble surfactant, 1H, 1H, 2H, 2H-perfluorooctanol 
(Alfa Aesar, WardHill, MA), was used as the carrier phase fluid. In order to improve the wetting 
of the fluorocarbon carrier fluid on the channel walls and prevent the dispersed fluid from 
wetting the microchannel wall, the microchannel walls were modified with a fluorination reagent, 
1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (ABCR, Karlsruhe, Germany) and 
Heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane, CF3(CF2)7CH2CH2SiCl3 (Gelest, 
Morrisville, PA). To aid in the initial evaluation of two-phase flow system, carboxylate-modified 
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fluorescent microspheres (0.2 µm in diameter, F8809, Molecular Probes, Eugene, OR) were used 
due to their high brightness and favorable photostabilities. 
5.2.2 Methods 
5.2.2.1 Microscopy 
The photographs of droplet generation and wetting on the PMMA device surfaces were 
obtained using an Axiovert 200M microscope (Carl Zeiss, Thornwood, NY). The PMMA 
microfluidic device was fixed onto a programmable motorized stage of the microscope and video 
images were collected during each experiment at 30 frames per second (fps) using a 
monochrome CCD (JAI CV252, San Jose, CA) and Pinnacle Studio Version 9 (Pinnacle Systems, 
Mountain View, CA).51 
5.2.2.2 Oxygen Plasma 
Oxygen plasma treatment was carried out in a RF (13.56 MHz) plasma reactor system 
(Model PDC-3XG, Harrick Plasma, Ithaca, NY) at 30 W for the specified time to modify the 
polymer surfaces to generate stable aqueous droplets.  
5.2.2.3 Dual-color FCCS 
Both a 532 nm green solid-state laser (GTEC-500-532-10, Lasiris, Inc., Quebec, Canada) and 
a 780 nm diode laser (GH0781JA2C, Thorlabs, Newton, NJ) were focused through a 40X, 0.75 
NA objective (MRH00400, Plan fluor, Nikon) into the sample container, which consisted of a 
200 µm channel of a PMMA microfluidic chip mounted onto a holder (see Figure 5.8), which 
was mounted on an XYZ micro-translational stage for positioning the microfluidic chip with 
respect to the laser beam and collection optics. The solution samples were delivered through the 
two injection capillaries using two Harvard apparatus Model 22 syringe pumps (South Natick, 
MA). Both lasers were operated with an average power of 50 µW at the capillary. A dichroic 
mirror (Z532/780RPC, Chroma Technologies, Rockingham, VT) was used to reflect two laser 
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excitation beams at 532 nm and 780 nm and transmit the two fluorescence emissions resulting 
from Cy3 (λabs = 532 nm, λem = 560 nm) and IRD800 (λabs = 780 nm, λem = 810 nm). The two 
transmitted emission beams were sorted by a second dichroic mirror (640DCSPXR, Chroma 
Technologies, Rockingham, VT) into one of two detection channels, with observation 
wavelengths centered at 560 nm and 810 nm. For the 810-nm detection channel, a band-pass 
filter (810DF10, Omega Optical, Brattleboro, VT) centered at 810 nm with a 10-nm bandwidth 
(FWHM) and a sharp-edge long-pass filter (HQ800LP, Chroma Technologies, Rockingham, VT) 
were used to isolate the appropriate fluorescence. Similarly, for the 560-nm detection channel, a 
short-pass filter (720SP-2P, Chroma Technologies, Rockingham, VT) and a band-pass filter 
(XB97, 560BP10, Omega Optical, Brattleboro, VT) centered at 560 nm with a 10-nm bandwidth 
(FWHM) were used. 
 
Figure 5.8 Schematic of the instrumental design and setup for the FCCS assay with a microfluidic 
chip. Two excitation beams at 532 nm and 780 nm were focused through a 40X, 0.75 NA 
objective into the polymer microfluidic chip for generating droplet two-phase flow. The dual 
color fluorescence was subsequently processed on two different color-channels (560 nm and 810 
nm). 
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The filtered fluorescence was then refocused onto the active area (175 µm) of two separate 
single photon avalanche diodes (SPCM-AQR-14, EG&G, Vandreuil, Canada) using a 20X 
objective (MRH00200, Plan fluor, Nikon). Dark count rates for the SPCM were <100 cps 
according to the manufacturer. The avalanche pulses from the SPCM were fed into a 
counter/timer computer board (PCI-6602, National Instruments, Austin, TX) having a temporal 
resolution of 12.5 ns and subsequently analyzed with custom-built software written using 
LabView 7.0 (National Instruments, Austin, TX).  
This counter/timer board is operated in the buffered event counting mode to record the arrival 
time of each detected photon. An internal 80-MHz clock updates the counter value continuously; 
each time an electronic pulse from the SPCM arrives at the counter gate, the counter value is 
stored. This differs significantly from many single-molecule fluorescence acquisition systems 
that typically record the number of photon counts in a user-defined integration period, typically 
in the range of 100 µs to 10 ms. Recording the arrival time of each photon with a time resolution 
of 12.5 ns allowed us to produce intensity trajectories on any time scale longer than 12.5 ns, 
which can then be used to produce autocorrelation functions with that minimum time resolution. 
5.3 Results and Discussion 
5.3.1 Droplet Generation 
Droplets were generated in the fabricated microfluidic channel by controlling the relative 
water and oil pressure (flow rate). Carrier (oil) and dispersed fluids (water) were introduced 
through capillary tubes with a 178 µm inner diameter, which were connected to the drilled holes 
at the inlet and outlet and sealed with epoxy and meet at a cross junction channel as shown in 
Figure 5.7. The production of a wide range of droplet sizes and frequencies could be made 
precisely by controlling the carrier fluid volumetric flow ratio, βC  = Qc  ⁄ (Qc + Qd,) where Qc and 
Qd are the volumetric flow rate of carrier and dispersed fluids.52 
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configuration of the micro-injection system has a strong effect on generated flow characteristics 
such as generated droplet size and number of droplets.53 This defines one of the future topics of 
studies, which is to predict breakup during injection. 
Computer simulations of the droplet flow in the test channel have been performed using a 
two-phase incompressible simulation code employing a front tracking method for the motion of 
fluid-fluid interfaces.54 A fixed mean pressure gradient of the magnitude measured in the 
experiment was applied to drive the flow. Size and spacing of the droplets were also obtained 
from the experiments. A sample of the numerical simulation results for a typical droplet flow 
case is shown in Figure 5.12.  
 
Figure 5.12 Simulation of droplet flow in a square microchannel (200 μm x 200 μm). Contours of 
the carrier liquid velocity relative to the droplet leading edge are shown together with streamlines 
illustrating secondary flows both inside the droplets and in the carrier fluid. VISH and Tecplot 
visualization software were used with an integrated software platform. Courtesy of Eamonn D. 
Walker, Mechanical Engineering Department, LSU. 
 
Perfluorocarbon (FC 3283) with 10% (v/v) concentration of perfluorooctanol (PFO) surfactant 
was the carrier fluid, while the dispersed fluid was de-ionized water. Recirculation inside the 
droplets enhances mixing and re-distributes the fluorophores within the droplet volume. 
5.3.3 Surface Modification of Polymeric Droplet Microfluidic Devices 
Droplet microfluidic systems are increasingly used in HTS to study reaction kinetics of 
enzymes and chemical reactions and in particle synthesis.15, 38 Poly(dimethylsiloxane), PDMS, is 
the commonly used substrate to fabricate such devices. We are exploring the use of 
thermoplastics, such as PMMA, PC and COC for fabricating droplet microfluidic devices for 
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surface as shown by XPS. We refer to this functional material as PMMA-O. In the second step, 
the activated polymer surface was treated with a 2 mM solution of heptadecafluoro-1,1,2,2–
tetrahydrodecyl) trichlorosilane (CF3(CF2)7CH2CH2SiCl3), HFTTCS, in FC-3283 for 2 h. This 
treatment step did not affect the transparency of the PMMA substrate and the resultant surface 
showed a water contact angle of 116° ±3°, which is an expected value for a monolayer of 
HFTTCS.55 
The fluorocarbon liquid, FC-3283 (perfluorotripropylamine), is a good solvent for 
heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane and does not affect the polymer. The 
fluorination of various polymers in FC-3283 (2 h reaction time) was accomplished with high 
surface selectively. Water contact angle (WCA) and X-ray photo electron spectroscopy (XPS) 
measurements were performed to confirm the fluorination of the surface. As shown by angle-
resolved XPS measurements in, a peak at 687 eV from F1S was detected representing the surface 
was modified with the fluorination procedures. The fluorination of the PMMA surface was also 
confirmed by an increased water contact angle (116 ± 3º). The contact angle is the angle at which 
a liquid interface meets a solid surface. If the liquid is very strongly attracted to the solid surface 
such as a strongly hydrophilic solid, the droplet will completely spread out on the solid surface 
and the contact angle will be close to 0°.  If the solid surface is hydrophobic, the contact angle 
will be larger than 90°. On highly hydrophobic surfaces, the surfaces have water contact angles 
as high as ~120°.56 
Upon applying the method to modify PMMA droplet microfluidic devices, it was found that 
the thermal fusion bonding of the PMMA cover slip to the PMMA microfluidic devices at a 
temperature close to its glass transition temperature reduced the extent of fluorination 
significantly. We therefore developed a modified procedure, which used the same reaction steps 
but took into account the surface dynamics of the PMMA during thermal annealing.  
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carried out using 5 mM HFTTCS/FC-3283 solution and this was allow to flow through the 
channel at 2 µL/min for 2 h.  
The fluorinated PMMA device was then used to generate two-phase flows using deionized 
water (flow rate = 2 µL/min) and 20 µL/min FC-3283 solution containing 10% (v/v) 
perfluorooctanol, a nonionic fluorous-soluble surfactant. The unmodified PMMA device showed 
wetting after ~2 h of continuous operation with substantial increases in surface wetting by the 
water droplets along the test channel surface. In contrast, the HFTTCS-modified PMMA device 
showed stable generation of aqueous droplets inside the microchannel even after 5 h of 
continuous operation.  
5.3.4 Fluorescence Signals from Droplets Containing  Fluorescent Microspheres 
With increased dispersed fluid volumetric flow rates ranging from 0.5 µL/min (Figure 5.15a) 
to 1.0 µL/min (Figure 5.15b), higher droplet production rates were obtained in a narrow and 
reproducible spacing, as monitored by fluorescence measurements. As can be seen in Figure 5.17, 
which shows brightfield images of droplet generation, increased frequency was observed with 
increased dispersed fluid flow rate. The volume of each droplet was estimated to be ~400 pL in a 
square microchannel (200 μm x 200 μm) which was calculated from the obtained microscopy 
images at the same experimental conditions (see Figure 5.15). In subsequent measurements using 
laser-induced fluorescence, each droplet was filled with a fluorescent bead at a concentration of 
3.91×1010 particels/mL. This particle density along with the average size of the droplets 
indicated an average number of fluorescent beads per droplet of 15,640. However, the size of the 
probe volume was ~0.6 pL, which corresponds to the volume element defined by the focused 
laser beam. Therefore, the laser-defined probe volume was much smaller than the drop volume 
and with this probe volume size, the average particle occupancy number is ~23.4. Experimental 
results showed that the number of signal peaks observed per unit time in the fluorescence trace 
 corresponded exactly to the es
contained fluorescent beads (see 
 
Figure 5.15 Fluorescence signals
0.5 µl/min (a) and 1.0 µl/min (b)
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5.4 Conclusions 
We have demonstrated the ability to generate stable two-phase flows in thermoplastic 
substrates and the associated optical detection system, which can provide a fast readout modality 
to monitor regularly spaced moving droplets.  
To avoid the wetting problem of the aqueous fluids on thermoplastic microfluidic channels, 
we developed a two-step procedure to fluorinate the surfaces of these polymers. The reaction 
steps were modified to take into account the surface dynamics of polymers during thermal fusion 
bonding when the material is taken to a temperature above the Tg, which is used to enclose the 
fluidic network. Instead of oxygen plasma treating the material prior to thermal fusion bonding, 
the substrate containing the fluidic network and cover plate were first fusion bonded, followed 
by oxygen plasma treating the assembled device. In this fashion, the functional groups 
introduced by the oxygen plasma treatment remained on the surface, which lead to the formation 
of a monolayer of perfluorosilane on the surface, and resulted in  the generation of stable two-
phase flows for >5 h, compared to <2 h in devices that were not fluorinated. 
Fluorescence signals from each droplet were monitored with a dual-color emission FCCS 
instrument with an acquisition resolution of 12.5 ns. The optical system was demonstrated for 
monitoring regularly spaced droplets loaded with fluorescent beads. Computer simulations of the 
droplet flow in the two-phase microfluidic systemhave been performed and visualized. They 
have illustrated the mixing-enhancing re-circulatory flows inside the droplets. 
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CHAPTER 6 CONCLUSION AND FUTURE WORK 
 
6.1 Conclusions 
The research presented in this dissertation encompasses the use of single-molecule detection 
(SMD) techniques for the detection of low-abundance proteins (thrombin) using aptamers. The 
SMD provided the ability to measure minute changes in concentration with high sensitivity.  
SMD was also demonstrated as a viable readout modality for the study of enzyme activity using 
cross-talk free dual-color fluorescence cross-correlation spectroscopy (FCCS). The assay utilized 
a dual-labeled substrate that was nicked by an enzyme (APE1) and the correlation signal was 
found to be a very sensitive indicator of enzyme activity. To increase throughput, the FCCS 
assay was implemented in a two-phase (oil and water) flow system with droplets generated at 
high rates. 
The particularly attractive feature of SMD is that it provided the ability to eliminate many 
sample processing steps associated with multi-step assays, such as pre-concentration and/or PCR 
amplification of target DNAs, which basically reduced assay time. Therefore, high throughput 
biochemical data processing could be realized through SMD technology.   
In Chapter 2, a strategy for the detection of single protein molecules, which used single-pair 
fluorescence resonance energy transfer (spFRET) as the readout modality and provided exquisite 
analytical sensitivity and reduced assay turn-around-time by eliminating various sample pre-
processing steps, was developed. The single-protein detection assay used two independent aptamer 
recognition elements to form an assembly conducive to intramolecular hybridization of 
oligonucleotide complements that were tethered to the aptamers. This hybridization brought a donor-
acceptor pair within the Förster distance to create a fluorescence signature indicative of the presence 
of the protein-aptamer(s) association complex. As an example of spFRET for single protein detection, 
we demonstrated the technique for the analysis of serum thrombin. The assay required co-association 
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of two distinct epitope-binding aptamers, each of which was labeled with a donor and acceptor 
fluorescent dye (Cy3 or Cy5, respectively) to produce a FRET response.  
The FRET response between Cy3 and Cy5 was monitored by single-molecule photon-burst 
detection, which provided high analytical sensitivity when the number of single-molecule events was 
plotted versus the target concentration. We were able to identify thrombin with high efficiency based 
on photon burst events transduced in the Cy5 detection channel. We also demonstrated that the 
technique could discriminate thrombin molecules from its analogue, prothrombin. The analytical 
sensitivity was >200-fold better than an ensemble measurement.1  
In Chapter 3, an instrument for spectral cross-talk free dual-color fluorescence cross-
correlation spectroscopy (FCCS), which provided a readout modality for the study of enzyme 
activity in application areas such as high throughput screening, was developed. Two spectrally 
separate (~250 nm) fluorophores, Cy3 and IRD800, were excited simultaneously using two 
different excitation sources; one poised at 532 nm and the other at 780 nm. The fluorescence 
information was processed on two different color channels monitored at the single-molecule 
level. The system provided no color cross-talk (cross-excitation and/or cross-emission) and/or 
fluorescence resonance energy transfer (FRET) between the color channels, significantly 
improving data reliability. To provide evidence of cross-talk free operation, the system was 
evaluated using bright microspheres (λabs = 532 nm, λem= 560 nm) and quantum dots (λabs = 532 
nm, λem= 810 nm). Experimental results indicated that no color leakage from the microspheres or 
quantum dots into inappropriate color channels was observed.2 
To demonstrate the utility of the system, the enzymatic activity of APE1, which is 
responsible for the nicking of the phosphodiester backbone in DNA on the 5′ side of an 
apurinic/apyrimidinic site, was monitored by FCCS using a double-stranded DNA substrate that 
was dual labeled with Cy3 and IRD800 (Chapter 4).  Activity of APE1 was also monitored in the 
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presence of an inhibitor (7-nitroindole-2-carboxylic acid) of the enzyme using this cross-talk free 
FCCS platform. In addition, signal leakage of fluorescence from organic dye molecules into 
inappropriate color channels resulting from cross-talk or FRET was not observed as confirmed 
through autocorrelation analysis of fluorescence signals on each detection channel and cross-
correlation analysis between the two color channels. Therefore, the FCCS scheme can obviate 
the need for negative control experiments with mathematical corrections and their complications 
that can reduce assay turnaround time as well as data quality typically required to correct 
impaired data arising from spectral cross-emission.3 
In Chapter 5, the FCCS system was further investigated with a two-phase flow microfluidic 
system, which is a nascent technology in the analytical chemistry field.4 We have demonstrated 
the ability to generate stable two-phase flows in thermoplastic substrates and the associated 
optical system, which can provide a sensitive and fast readout modality (12.5 MHz) to monitor 
regularly spaced droplets for ultra-high throughput screening assays using FCCS.5 In order to 
improve the wetting of the fluorocarbon carrier fluid on the channel walls and prevent the 
dispersed fluid from wetting the microchannel wall, the microchannel walls were modified with 
a fluorination reagent, 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (ABCR, Karlsruhe, 
Germany) and heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane, CF3(CF2)7CH2CH2SiCl3 
(Gelest, Morrisville, PA). The fluorination of polymers in FC-3283 was occurred on a fabricated 
polymer microfluidic chip (PMMA) selectively as shown by angle-resolved XPS measurements 
and facilitated the stable generation of aqueous droplets continuously for more than 5 h. With 
increased dispersed fluid volumetric flow rate, higher droplet production rates were obtained in a 
narrow and reproducible spacing, as monitored by fluorescence measurements. Microscopic 
images of the droplet flow and fluorescent signal peaks showed increased frequency with 
increased dispersed fluid flow rate. 
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The main goal of this research was to develop a high-throughput detection system based on 
the concept of SMD with a miniaturized sample delivery system (capillary tubes, single-phase 
flow microfluidics, and two-phase flow microfluidics). Several steps toward this goal were 
addressed using different fluorescence detection formats: (1) protein detection using DNA 
aptamers based on single-pair fluorescence resonance energy transfer (spFRET); (2) enzyme 
activity study employing dual-color excitation fluorescence cross-correlation spectroscopy; and 
(3) two-phase flow microfluidic system with the developed dual-color FCCS system. 
6.2 Future Research Directions 
6.2.1 Bioenzyme Activity Assays in Single Droplets Using FCCS 
The two-phase flow microfluidic system with SMD will open new possibilities for the study 
of chemical and biological reactions in a high-throughput mode. Because each droplet can serve 
as an independent bioreactor, two-phase flows are an excellent candidate for HTS applications 
for drug discovery, especially when integrated with ultra-sensitive fluorescence detection (see 
Figure 5.2).4, 6 For example, bubbles, droplets, and plugs in microfluidic systems were applied to 
on-chip separation,7 multi-step synthesis of nanoparticles (CdS and CdS/CdSe),8 crystallization 
of membrane proteins,9 and polymerase chain reaction.10 
However, detecting single biomolecules in a droplet-based sample delivery system is at the 
beginning stage of the research in the field and requires fundamental studies such as the effect of the 
signal-to-noise ratio from a single molecule on the applied flow rate/ratio and interpretation of the 
detected signal events such as signal patterns. For example, recently, Srisa-Art et al. detected 
fluorescence signals from a double-stranded λ-DNA (~48 kbp in length) which was labeled with 
YOYO-1 at a ratio of five base pairs per one dye molecule within aqueous droplets.4 The pattern of 
the detected fluorescence signals in a droplet-based sample delivery system with a series of DNA 
concentrations was studied (see Figure 6.1). At the lowest dsDNA concentration (10 fM, Figure 6.1a), 
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fluorescence signals were detected randomly without showing droplet boundaries (~ 1.2 molecules 
per droplet considering probe volume of 4.4 pL) and any evidence of the droplet-based sample 
delivery system.   
 
Figure 6.1 Fluorescence photon bursts from single DNA molecules in a droplet; (a) 10 fM; (b) 
100 fM; (c) 500 fM; and (d) 1 pM. The rectangular box in red represents droplet boundaries and 
was measured using Alexa Fluor 647 at 50 nM.4 
Single DNA molecule occupancy was controlled by changing the λ-DNA concentrations from 10 
fM to 1 pM. As can be seen Figure 6.1b-d, multiple single molecule events were observed when 
each droplet was moving through the detection area. At high concentrations (500 fM and 1 pM), 
droplet boundaries were observed due to the large number of DNA molecules per droplet (~60 
dsDNA molecules for 500 fM and ~120 dsDNA molecules for 1pM). The droplet boundaries 
were also confirmed by MATLAB analysis (see Figure 6.2). However, they reported that the 
analytical throughput was not significantly affected by the number of droplets due to the fact that 
droplets can be produced at frequencies in excess of 1 kHz but limited by the acquisition rate 
(The acquisition rate was not reported in the paper).4 In addition, a novel detection scheme, not 
just counting the number of single molecule events from each droplet, must be devised for the 
study of biochemical reactions in droplets in a high-throughput mode such as enzyme activity. 
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Figure 6.2 Data analysis of single molecule events by MATLAB. (a) fluorescence burst scans 
from dsDNA molecules at 10 fM, (b) Signals recorded from Alexa 647 control sample, and (c) 
Combined data with (a) and (b) to localize droplet boundaries.4 
To achieve high-throughput drug screening or chemical/biological applications, FCCS with the 
droplet-based microfluidics could be a solution fully accommodating the advantages of single 
molecule technique and also the benefits of droplet-based flow microfluidics. 
A dual-color FCCS system could efficiently monitor the controlled generation of highly 
regular droplets loaded with substrates containing fluorescent labels (Cy3 and IRD800). The 
activity of an enzyme target associated with genome instability giving rise to many different 
diseases can be monitored via FCCS in droplets using a double-stranded DNA substrate dual-
labeled with Cy3 and IRD800 fluorescent dyes (see Figure 6.3). 
As preliminary results, fluorescence signals from dsDNA substrates labeled with Cy3 and 
IRD800 in a droplet-based sample delivery system were obtained (see Figure 6.3). The dsDNA 
substrate at 0.3 pM labeled with Cy3 (560 nm detection channel, top) and IRD800 (810 nm 
detection channel, bottom) at opposite ends was hydrodynamically transported through a PMMA 
chip with 50 μm × 50 μm injection channel and 200 μm × 200 μm test channel (QD = 4 μl/min 
and carrier fluid flow rate, QC = 20 μl/min) as dicussed in Chapter  5 (see Figure 5.9 and 5.10). 
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Figure 6.3 Schematic representation of a droplet-based microfluidic system to interrogate the 
contents of a single reactor droplet to determine the activity of enzyme and inhibitor.11 
 
Figure 6.4 Single-molecule data streams for the dsDNA substrate labeled with Cy3 (positive 
trace) and IRD800 (negative trace) in droplets were monitored using the FCCS instrument.  The 
dsDNA substrate at 0.3 pM labeled with Cy3 and IRD800 at opposite ends was 
hydrodynamically transported through a PMMA chip with 50 μm × 50 μm injection channel and 
200 μm × 200 μm test channel (QD = 4 μl/min and carrier fluid flow rate, QC = 20 μl/min). 
Current work is focused on generating bioenzyme activity assays in single droplets using FCCS 
to transduce inhibition of enzyme activity by potential drug candidates. Enzyme activity by potential 
drug candidates (inhibitors) can be determined by differences in the number of 
coincident/noncoincident events as monitored by the Cy3 and IRD800 color channels. 
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6.2.2 A High Throughput Fluorescence Based Assay to Test L1 Endonuclease Activity 
Long interspersed element 1 (L1) is the only active retrotransposon in the human genome.12 
L1 encodes a bicistronic transcript containing two long open reading frames (ORF), ORF1 and 
ORF2.13-15  ORF1 encodes a nucleic acid binding protein, while ORF2 encodes a protein with 
endonuclease and reverse transcriptase activity. Both ORFs are required for successful L1 
retrotransposition using an integration step referred to as target primed reverse transcription 
(TPRT).16-18 
 
Figure 6.5 Representation of the dual-color FCCS assay scheme for evaluating L1 endonuclease 
activity. Two synthetic, 26 nt complementary oligonucleotides containing an 5’TTTT/AA3’ (“/” 
denotes site of cleavage) in the upper strand were labeled at their 5’ ends with Cy3 and IRD800. 
During TPRT, the L1 endonuclease recognizes an AT rich target sequence loosely defined as 
5’TTTT/AA3’ (“/” denotes site of cleavage).18-19 After nicking of DNA by L1 endonuclease and 
reverse transcription of L1 RNA, a new copy of L1 is inserted into the genome. The complete 
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details of TPRT are undefined, however, a double strand break (DSB) must occur during this 
process prior to integration of novel L1 elements.20-21 
Further studies characterizing L1 endonuclease function demonstrated that L1 endonuclease 
induces formation of DSBs.16 While these breaks are toxic to cells if not properly repaired, faulty 
DSB repair can also lead to onset of human genetic disease. While  L1 insertions account for 
about 1 in 1200 human mutations,20 some of which cause diseases such as breast and colon 
cancer as well as muscular dystrophy, the effect of L1 endonuclease upon stability of the genome 
is undetermined. One out of ten L1-induced DSBs results in a retrotransposition event suggesting 
that the damage from the L1 endonuclease activity may be greater than previously considered. 
Thus, an inhibition study of L1 endonuclease would be beneficial for estimating L1-assocciated 
damage and to potentially minimize L1-related genetic instability. 
 
Figure 6.6 Theoretical melting curves for the 26-mer complementary oligonucleotides (5'-
TTTTTTAAGCGCGCGCGCGCGCGCGC-3' and its complementary sequence), Theorectical 
Tm = 89.2°C, [Na+] = 0.05 M, [Mg++] = 0.001 M (Calculated using the DINAMelt Software). 
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The 26 bp duplex oligonucleotide containing the 5’TTTT/AA3’ (in red color) in the upper 
strand is selected so that the intact 26 bp duplex do not denature at room temperature, but 
following nicking by L1 endonuclease to generate a 8mer, can denature at room temperature to 
generate two fragments with each one containing the Cy3 and IRD800 fluorophores (see Figure 
6.5). Based on the fact that the dsDNA containing a nicking site (5’TTTT/AA3’) can be 
denatured by heating due to the decreased thermodynamic stability in the presence of L1 
endonuclease compared to the case when no L1 endonuclease is present due to differences in 
their Tm’s (Tm, nicked 6-mer ~ -8°C, Tm, intact 26-mer ~ 89.2°C) as calculated by the DINAMelt Software 
(see Figure 6.6), the activity of L1 endonuclease can be studied.22 
Therefore, enzyme activity by potential drug candidates (inhibitors) can be determined by 
differences in the number of coincident/noncoincident events as monitored by the Cy3 and IRD800 
color channels. 
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